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In  preparing  this  textbook  the  Authors  have  attempted  to 
include  in  a  single  volume  not  only  the  elementary  ihermo- 
dynainic  theory  of  gases  and  vapors  and  of  their  cycles,  but  also 
the  consideration  of  the  sources  of  heat,  the  methods  of  making 
it  available  for  useful  purposes,  its  utilization  in  the  various  types 
at  licat-driven  prime  movers  and  their  auxiliary  apparatus, 
together  with  a  diseu&siou  of  the  fundamental  theory',  the  ideal 
wul  actual  performance  and  the  practical  considerations  con- 
nected with  such  apparatus.  The  book  is  prepared  primarily  for 
iht  use  of  students  in  Mechanical  Engineering  in  their  junior 
and  senior  years,  afler  they  have  completed  college  courses  in 
phyMCS.  chemistry,  analytical  and  .ipplied  mechanics  and  empir- 
kal  machine  design.  The  text  is  supposed  to  be  supplemented  by 
lectures,  lantern  slides,  a  study  of  trade  catalogues  and  collateral 
naditig;  and,  as  it  is  prepared  primarily  for  students  who  will 
liave  separate  courses  in  mecJianical  laboratory  practice  and  in 
Itie  economic  problems  connected  with  heat-power  engineering, 
but  little  relating  to  these  braochBe  is  given. 

A  [af:gc  piirt  of  the  material  <oiit:Unal  To' tlic  ioUowing  pages 
baa  been  used  during  the  last  four.y/^a/s,  firStin  pamphlet 
and  later  in  book  form,  as  a  text  Si  Uj^'jbnioJ-.'aiid  senior  courses 
in  Sibley  College,  Cornell  University'.; ;  1 L  has  jjcpn  revised  from 
time  lo  time  as  the  necessity  hcc;ui\t-.a:\ipAKni.,  and  now  the 
origtina]  matter  has  been  practically  rewritten,  rearranged  and 
considerably  amplified  for  the  present  book. 

To  add  to  its  convenience  and  value  as  a  textbook  in  recita- 
boo  ccniDM-A,  all  si^tions  are  numbered,  the  sub-paragraphs  are 
lettered,  and  sample  problems  are  given  in  the  Appendix. 

CndMlbtedly  errors  of  various  kinds  will  be  discovered,  and 
in  order  that  they  may  be  eliminated  it  is  hoped  that  they  will 
be  brought  to  the  attention  of  the  Authors,  who  will  also  welcome 
uflier  suggestions  for  the  improvement  of  the  book. 
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Since  the  appearance  of  the  First  Edition  of  this  book,  Pro- 
fessor Ellenwood  has  published  some  very  valuable  and  extensive 
steam  charts  which  have  a  much  wider  field  of  application  and 
greater  acciifa<;>jijhurf  li^xe;an^;0{  the  Mollier  Charts  that  have 
appeared,  /yfic'-pfresent*  edition  Includes  a  discussion  of  these 
important  new  «ch4i't^  *afiti  .ts:  the  Appendix  has  been  added  a 
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INTRODUCTORY. 


I.  The  advancement  of  the  human  race  has  been  isrgfiy  Ci3e 
to  the  fact  that  man  has  greater  afaiHrr  than  his  idkfwr  crt^zurts 
to  utilize  nature's  resources.  At  brst  be  vae  drivexi  bv  izk  'jwm 
weakness  to  seek  nature's  aid  for  pro^ectkc  and  he  tha^  becaz^e 
familiar  with  her  simpler  lavs.  This  kncmiedge  grew  £:ie»iih' 
and  after  a  time  was  recorded.  N</r  ti>e  aoonBularfd  icfonca- 
tion  is  too  great  to  be  grasped  by  any  vo&^viual  or  gjv><Jp  and  it 
has  become  necessary-  to  spec2ali2e.  Ooe  grccp  <;c  •pedaHrt*.  the 
scientists,  continue  to  dehe  after  nature's  secrets  in  order  to  add 
to  the  store  of  human  knowledge:  another  group.  Jje  er^gjaeieTS- 
work  to  make  application  of  disoQr\'ered  laws  to  s^ee:  tiie  nutfis 
of  humanit>\ 

The  engineer  must  know  nature's  laws  and  miist  be  familiar 
with  their  applications  in  order  that  be  may  be  aLoe  to  aid  the 
race  in  the  de\'elopment  and  improvement  of  its  ]zf*:.  ^>ne  c^  the 
most  important  of  his  problems  results  from  the  fact  that  man's 
body  cannot  supply  the  power  required  to  cany-  out  the  cr>n- 
ceptions  of  his  mind.  To  solve  this  probkrci  the  engineier  draw* 
on  nature's  store  of  energ\-. 

In  general,  the  energ\-  of  nature's  store  i^  not  directly  availa?y:e 
for  human  uses;  it  must  be  changed  in  kind  or  quality,  tran^ 
mitted  through  space,  and  made  available  at  times  of  deniand. 
The  engineer  must  provide  means  lor  effecting  the-r;^  results- 
One  of  the  best  examples  of  such  changes  is  furnished  by  the 
converaon  of  heat  energ>-  into  the  mechanical  form  by  means  of 
Heat  Engines.  Since  the  world  demands  enormous  supplies  of 
mechanical  energ\',  this  sort  of  conversion  is  of  great  impor- 
tance, because  of  the  fact  that  immense  stores  of  easily  trans- 
portable fuel  are  distributed  over  the  earth  near  its  surface. 
This  fuel  has  latent  heat  energ\\  which  may  be  easily  converted 
into  available  heat  energ\'  by  combustion.  It  is  then  the  duty 
of  the  heat  engine  to  convert  as  large  a  part  > 
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available  heat  energy  mto  the^ore  desirable  form  of  m^RLnical 
energy.  ""^ 

The  following  pages  are  devoted  to  a  consideration  of  trans- 
formations of  latent  heat  in  fuel  into  avAable  heat,  and  of  avail- 
able heat  into  mechanical  energy,  togetner  with  a  study  of  the 
devices  by  which  the  transformations  are  effected. 

The  theory  of  these  transformations  is  called  Thermodynamics, 
while  the  whole  subject,  theoretical  and  practical,  may  be  called 
Heat-Power  Engineering. 
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Heat  a  Form  of  EHSrgy.     T^B  l>cen  shown  experimentally 
it  heat  can  l>e  prwjtired  hy  ^^cxpe^Am^h^^ther  forms 
cDergy,  aad   that  oihcr  furnt^Rf  ^^^^P^^^P^   priKJuced 
the  expenditure  of  heat.     Therefore  ihe  coi^^^fcn^pat  heat 
foiTO  of  energy  is  justified.  ^^^        ^^ 

AH  bodi^ihat  man  knows  possess  heat  energy-,  "  assi^^e^k  «f 
lt":irhatever  the  material  or  state  of  a  body  may  be.'it^^^  ' 
raUe  I u  obtain  heat  energy  from  it.  It  is  not  known  how  this 
II  energy  is  stored  in  matter,  but  it  is  certainly  possible,  and 
wms  probable,  that  it  is  in  some  way  associated  with  the 
and  relative  positions  of  the  constituent  particles.  Be- 
thii  it  is  nut  necessary  to  generalize  here  in  the  present  state 
■tkiBwledge. 

3.  Unit  of  Heat  Energy.  The  unit  of  measurement  of 
■Tfi^ba.ted  upon  some  effect  produced  by  the  kind  of  energy 
'!« measured.  l-'nd<:r  certain  conditions  a  rise  in  temperature 
^baly  is  one  of  the  most  obvious  phenomena  connected  with 
'  Uocase  of  associated  heat:  and,  as  the  extent  of  this  effect 
■T  b(  measured,  it  is  used  as  the  basis  of  the  unit  of  heal 


'"  English-speaking  countries  the  unit  of  heat  energy  is 
"0*11  as  the  British  Thermal  Unit  (B.t.u.)  and  is  defined  as 
Dt)a»s- 

f^  Brdisk  Thermal  Unit  is  the  quantity  of  heal  required  to 
'  '*<  temperature  of  one  pound  of  pure  water  one  Fahrenheit 


^}m 


cxiremc  accuracy  is  desired  it  is  necessary  to  specify 
■  pwot  on  the  temjjcrature  scale  at  which  the  one-degree  rise 
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takes  place,  as  it  requires  slightly  different  amouots  of  heat  at 
different  temperatures.  This  temperature  is  usually  taken  either 
at  39.1°  F.,  at  which  water  has  maximum  density,  or  at  62°  F* 

For  ordinary  engineering  purpose^,  however,  it  i 
and  sufficiently  accurate  to  consider  the  heat  c 
one-degree  rise  as  constant  throughout  tia 
definition  given  serves  for  the  engineer. '  . 

What  has  been  termed  a  "  mean  I 
defined  as  linth  of  the  heat  required  j 
.  one  pound  of  pure  water  frod~ 
between  this  mean  B.t.u. 
most  engineering  coouutatiSI 


ineenng  comoutatiallB. 
arVnt    Heat 'for  1 


of  Heat. 


[olar^nt  Heat  for  human  use  probably  all  comes, 
or   indirectly,   from   the   sun.     This   hear  is   applied 

Meetly  to  produce  a  sufficiently  high  temperature  on  portions 
of  the  earth's  surface  to  render  plant  growth  and  animal  life 
possible. 

Heat  engines  have  been  built  which  convert  heat  d^ved 
directly  from  the  sun  into  mechanical  energy;  but,  because  their 
bulk  is  great  in  proportion  to  the  enei^y  transformed,  and  be- 
cause the  sun's  rays  are  not  always  available  when  needed, 
they  have  not  as  yet  been  commercially  successful. 

The  energy  of  the  sun's  rays  is  applied  indirectly  through  the 
agency  of  plant  growth  and  geologic  processes  to  produce  stores 
of  fuel  in  the  earth's  crust.  Heat  energy,  indirectly  from  the 
sun,  may  be  evolved  for  human  use  from  this  fuel. 

Also  the  sun's  rays  falling  upon  water  surfaces  cause  evapora- 
tion whereby  heat  is  converted  into  mechanical  energy.  This 
energy  lifts  the  water  vapor,  which  is  again  condensed  and  falls 
U[>3n  the  earth's  surface  as  rain  or  snow.  The  resiilling  water 
flowing  to  its  original  level  prepares  the  soil  for  plant  growth; 
it  irrigates  plants  and  turns  water  wheels  to  supply  methanlcal 
energy. 

Heat  may  be  derived  from  mechanical  enei^y.  electrical  energy, 
or  from  the  chemical  combination  of  certain  elements.  In  most 
cases  the  ultimate  source  of  the  energy  is  probably  the  s 

t^Ite Vlfi)C.SO'  ^v corte>)iondiiig  lo  rht  ^.icntisl"*  15°  ( 
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5.  Heat  from  Mechanical  Energy.  Primitive  man  generated 
heat  to  kindle  fires  by  rubbing  two  sticks  together.  The  me- 
chanical energy  due  to  the  muscular  effort  that  moves  the 
sticks  reappears  as  heat.  This  heat  is  derived  indirectly  from 
the  sun,  since  the  sun's  energy  makes  possible  animal  life  and 
therefore  muscular  effort. 

The  engineer  is  familiar  with  the  production  of  heat  by  machine 
friction.  This  again  is  a  case  of  conversion  of  mechanical 
energy  (indirectly  from  the  sun)  into  heat.  This  is  an  unde- 
sirable conversion,  since  mechanical  energy,  which  should  be 
available  for  useful  purposes,  becomes  useless  heat.  The  same 
change  occurs  when  a  machine  is  retardecLor  stopped  by  a  fric- 
tion brake.  This  is  a  useful  change,  hoM^MBfince  mechanical 
energ>%  which  cannot  be  used  and  which  may  tKippe  dangerous, 
is  dissipated  as  heat  and  rendered  harmless. 

In  general,  heat  for  human  use  is  not  derived  from  mechanical 
eriergy  because  it  may  be  obtained  m  other  ways  more  con- 
veniently and  at  less  cost. 

6.  Heat  from  Electrical  Energy.  The  conversion  of  elec- 
trical energy  into  heat  is  illustrated  by  every  electric  conductor 
that  carries  a  current;  for,  though  the  reason  is  unknown,  heat 
results  whenever  an  electric  current  flows.  This  is  known 
to  the  electrician  as  the  /-7^-Ioss.  It  is  always  a  loss  if  the 
deliverv*  of  maximum  electrical  energy  is  the  object  of  the  flow; 
but  it  would  not  be  a  loss  if  heat  were  the  object,  as  in  electric 
furnaces  and  stoves.  Except  for  special  service  electrical  energy 
is  too  expensive  a  source  of  heat. 

7.  Heat  from  Chemical  Combination.  There  is  ahiiost 
alwavs  a  liberation  of  heat  when  substances  combine  chemicallv. 
In  general,  the  more  violent  the  reaction  and  the  more  stable  the 
comfxjund  formed,  the  greater  the  amount  of  heat  liberated. 
There  are  a  few  combinations  which  are  accompanied  by  heat 
absorption;  but  the  compounds  formed  are  generally  quite 
unstable  at  ordinary  pressures  and  temperatures  and  the  heat 
absrjrl)ed  is  usually  (juite  small. 

The  physical  chemist  briefly  explains  the  phenomenon  of  heat 
evolution  during  chemical  combination  by  saying  that  chemical 
energ>-  is  converted  into  heat  energy.     It  is  well,  however,   to 


4  HEAT-POWER  EXGINEERIXG 

understand  his  more  exact  expression,  which  is  at  times  useful 
to  the  engineer. 

In  every  chemical  system,  or  group  of  s>'stems,  there  is  a  cer- 
tain total  amount  of  ** intrinsic'*  energy.  This  amount  depends 
upon  the  kind  of  system  and  upon  the  physical  condition.  If 
several  such  systems  react  to  form  new  systems,  the  latter  may 
ha\e  a  different  total  quantity  of  intrinsic  energy  from  the  former. 
If  the  intrinsic  energy  of  the  new  system  is  less  than  that  of  the 
other,  energy  must  have  been  lil>erated;  if  greater,  energ>'  must 
have  been  absorbed.  Energy  thus  liberated  may  appear  in  one 
or  all  of  its  forms;  but  the  largest  part  of  it  usually  appears  as 
heat. 

Thus  to  supply  heat  by  chemical  combination  it  is  necessary 
to  utilize  systems  that  can  react  to  form  new  systems  with  less 
total  intrinsic  energy. 

To  illustrate,  consider  the  production  of  heat  by  the  combina- 
tion of  carbon  and  oxygen  to  form  carbqn  dioxide.  The  total 
intrinsic  energ>'  of  the  system  of  carbon  molecules  and  of  the 
system  of  oxygen  molecules  is  greater  than  the  intrinsic  energy 
of  the  resulting  system  of  carbon-dioxide  molecules.  This  dif- 
ference is  the  source  of  most  of  the  heat  energy  used  by  the 
engineer. 

It  is  convenient  when  dealing  with  these  changes  to  refer  to 
gasfous  materials  as  standards,  since  the  laws  of  gases  are  sim- 
pK'>i .  If  a  unit  weight  of  gaseous  carbon  could  be  combined  with 
gaM'ous  oxygen  at  some  standard  tem|KTature  and  pressure  to 
form  t;aseous  carbon  dioxide,  a  certain  amount  of  energy  would 
be  lihi rated.  If  some  or  all  of  this  energy  apjx^ared  as  heat,  and 
if  the  reacting  substances  were  insulated  so  that  no  heat  could 
lea\e  the  system,  the  resulting  carlK)n  dioxide  would  be  raised 
to  a  lii^h  temperature  and  possibly  to  a  high  pressure.  Then  if 
heat  were  witlulrawn  until  the  original  temixTature  and  pressure 
weri^  reaehnl.  the  heat  removtxl  might  be  called  the  standard 
heat  (luaiitity  due  to  this  reacti<:)n.  (iaseous  carlxm,  however, 
cannoi  be  used  in  these  o|)erations.  only  the  solid  forms  being 
available.  rLxperienre  and  experiment  show  that  to  change  a 
solid  to  a  licjuid  or  a  gas  requires  an  expenditure  of  heat.  In 
the  chemical  (H)ml)inati()n  just  referred  to,  heat  is  absorbed  to 
change  solid  carbon  to  gaseous  carbon,  so  that  the  heat  liberated 
is  less  than  if  gaseous  carbon  had  been  used;  that  is,  the  heat 
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liberated  is  less  than  that  which  has  been  called  the  standard 
quantity.  Similarly,  if  the  product  of  the  reaction  were  liquid 
or  solid  at  ordinary  temperatures,  instead  of  a  gas,  the  heat 
withdrawn  to  condense  to  the  liquid  or  solid  form  would  be  added 
to  the  standard  quantity. 

There  will  be  further  discussion  of  these  phenomena  under  the 
head  of  combustion.  They  are  mentioned  here  to  indicate  the 
nature  of  the  engineer's  problem  of  heat  generation. 


Ca\PTER   II. 

ELEMENTART  LAWS  OF  HEAT  ENERGY. 

8.  Conseryation  of  Energy,  a  It  seems  to  be  one  of  nature's 
^rvat  univors*il  laws  that  energy  cannot  lie  created  or  destroyed. 
Ex'fXiioncv  aiul  exjx^riment  have  tended  to  establish  this  law, 
and  r.'^w  there  is  nv"*  reas<.'»n  to  doubt  that  it  holds  throughout 
the  ui.iNorse.  This  Law  of  Conseiration  of  Energy  may  be 
stauxi  as  follows;   EKc^iiy  *^^*:*'*o:  br  I'-fj-'e^f  or  destroyed;  but  all 

l:::.  r:una:cly.  the  oiijiinciT  has  adopted  no  unit  for  the  meas- 

urtrv.c'.::  oi  ^;uar.:i!ii*<  o!  enorj:\  :ha:  is  cx^mmon  to  all  its  forms. 

Eaj::  kir.vi  o:  oncr»:y  is  measured  in  its  own  unit  of  quantit>% 

a-vi  ^.\v:h  unit   was  ori«:inal]y  nxovi  independently,  because  of 

o;r.\cr.:cnce  o:'  nioasurcn^en: .     The  necessiiA"  for  conversion  of 

ur.::<  ■::  v-ne  !\\'*ni  v^i"  enor*:y  int^^  :hc  units  of  another  form  was 

d;sri  jiJ.rvitvi :  as  a  r^^u'.t  the  vvnstant  :  -r  *r.^nvorsic»n  is  sometimes 

•r..\  "  .  L"-ic::t  :  t  ;;><      ?:-.::>   :.t  t\.-.:v.:*.i. .  :h«.  unit  o:'  mechanical 
*-  .■*  .'•  ■.«  ^ 

c ..^ .  j^  ■     . . -w    .  s«. ■ . - .  V  .. .:v. .   ,>  .i.x  ». »    ■  •  4    t    M..^ .   OI   neflii,  me 

.■^               •           •■          ...           --•••  _ 

r*....".    ...i....«-.. "...i    ..,t    (.':c\...vaj    irnd  j^s .   tne 

.  ■    %     ■    *  ■ 

7  - ;  :  • '  <*.  n tx  r  w  r. .  .* ;  a".  >  -a  :  t  h  h  t  .v. :  i  n *::  nes  is  chietty  concerned 
''•».:■  :  ■>    "t^rv.nN  ir>:,  n  .■:  .:::::>  .  :  ht-it  .ifi.:  ;in:ts  c:  n^echanical 

V...  ».  ■       ■;    >.   V .  ..> •    ..>;    ...i    V   ..;>.».  .: <  c^nxer^ion 

:.  ..i.ir >  -  rx-...-.rv>  ^ iTy  accurate 

■  ft     «  •       « 

'.  ••.,.»;.«  v.t — ■.  .i  ,. .  ,v >  .^ ^e  nf3^.^I  care- 

....  ..^  ...   -.-■;.    \.-.\;^   >  --;^^   ::*..>Lrt^:nty  as  to  the 
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In  heat  engines  all  of  the  energy  supplied  as  heat  does  not 
appear  as  mechanical  energy.  This  is  not  because  heat  energy 
is  destroyed,  but  because  part  of  it  escapes  conversion  and  leaves 
the  engine  still  in  the  form  of  heat.  However,  each  B.t.u.  that 
is  converted  is  transformed  into  778  foot-pounds  of  work. 

(c)  In  order  to  do  mechanical  work  there  must  be  motion,  and 
in  all  real  cases  the  motion  meets  with  resistance  of  some  form. 
Anything  that  resists  motion  takes  away  energy;  thus,  friction 
might  take  away  heat ;  a  belt  might  take  away  mechanical  energy; 
a  metallic  circuit  might  take  away  electrical  energy;  if  the 
motion  produces  sound,  energy  is  taken  away  as  sound  waves  in 
the  air.  If  any  energy  whatever  were  taken  away,  that  is,  if  there 
were  any  resistance,  and  the  machine  continued  in  motion  without 
continued  energy  supply,  it  would  have  to  give  out  energy  that 
it  did  not  receive. 

It  is,  of  course,  impossible  to  conceive  of,  or  build,  a  machine 
which  will  create  energy.  Such  a  machine  would  give  one 
type  of  **  perpetual  motion.**  To  distinguish  this  type,  in 
which  energy  is  created,  from  the  others  to  be  considered  later, 
it  will  be  called  Perpetual  Motion  of  the  First  T]rpe. 

It  follows  directly,  from  the  law  of  conservation  of  energy, 
that  Perpetual  Motion  of  the  First  Type  is  impossible.  It  is 
also  apparent  that  the  First  Law  of  Thermodynamics  is  a  special 
case  falling  under  this  broad  general  statement. 

9.  Ideal  Mechanisms.  In  the  discussion  of  some  engineering 
problems  it  is  customary  to  assume  ideal  mechanisms  for  pur- 
poses of  comparison.  There  are  three  types  of  Perpetual  Motion 
used  in  discussing  these.  The  first  has  just  been  considered; 
that  commonly  termed  the  "  Second  Type  "  will  be  more  easily 
understood  later  in  the  discussion.  The  Third  Type  of  Per- 
petual Motion  is  that  most  commonly  assumed  for  purposes  of 
analysis  of  mechanical  problems.  It  is  the  ideal  perpetual 
motion  of  a  frictionless  machine,  which,  once  started,  would 
continue  in  motion  forever  unless  stopped  by  some  external 
resistance  or  force. 

As  a  matter  of  fact,  no  real  machine  can  be  frictionless,  and 
therefore  no  real  machine  could  continue  in  motion  indefinitely; 
but  the  friction  losses  in  machines  can  be  reduced  to  almost 
negligible  values,  and  for  the  purpose  of  analysis  this  may  be 
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assumed  to  be  carried  to  the  limit,  giving  perpetual  motion  of 
the  third  type  as  an  ideal  possibility. 

ID.  The  Second  Law  of  Thermodjrnamics.  (a)  It  is  a  matter 
of  common  observation  that  in  a  steam  engine,  for  instance,  the 
steam  exhausted  still  contains  a  considerable  quantity  of  heat, 
and  that  its  temperature  is  lower  than  that  of  the  steam  supplied 
to  the  engine. 

This  phenomenon  of  receiving  heat  at  a  high  temp)erature 
and  rejcrtinjj  some  of  it  at  a  lower  temperature  is  characteristic 

of  every  real  engine,  and  will 
be  shown  later  to  be  charac- 
teristic of  ever>'  ideal  en^ne, 
no  matter  how  perfect.  The 
operation  of  all  such  engines  is 
pictured  graphically  in  Fig.  I. 
Heat  energ>'  at  the  high  tem- 
perature Ti  flows  from  reser- 
voir /  into  the  engine.  There 
part  of  it  is  converted  into  the 
stream  of  mechanical  energy 
(shown  flowing  out  to  the 
right),  while  the  rest  passes 
completely  through  the  engine 
and  emerges,  still  in  the  form 
of  heat,  but  at  the  lower  tem- 
IMLiiiiii'  'l\  of  heat  receiver  //.  which  absorbs  it. 

(  .iIIiMvi  the  heat  supplied  in  a  ^iven  time  Qu  the  mechanical 
<  iiriL\  Ir.iviii^  11',  anil  the  heat  leaving  Os,  it  follows  from  the 
('Ml  •■iv.nioii  of  energy  thai 

ir  +  (?2  =  Qy 

\  ill     r<  .iii.iiii;«'<l  i;i\'rs 

jp/iii   Ahi^h  it   iniinedi.iiely  appears  that  the  smaller  Qt  is  the 
^-r*  Ml.  r  will  Im-  iIh-  work  n-sultinjj  from  the  use  of  a  given  quantity 

^b)    lAprrirnrc  lias  shown  that  no  device  can  even  be  imagined 
whic  li.  nii'Icr  cvi^tin^r  circiinistanees.  could  continuously  convert 
iiitf,  mr<  ji;ini(;il   form  all  of  the  heat  energy  supplied  it.     All -J 
rna'Jiine^  ^o  far  devi:>ed.  actual  or  ideal,  can  continuously  convert   * 
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only  part  of  the  heat  supplied  them  and  must  reject  the  remainder 
at  a  Unvtr  temperature  than  that  at  which  it  was  received.  This 
is  summed  up  in  the  so-called  Second  Law  of  Thermodynamics 
as  follows: 

No  machine,  actual  or  ideal,  can  both  completely  and  continu- 
ously transform  heat  into  mechanical  energy,* 

(c)  If  such  complete  transformation  could  be  effected,  it  would 
give  what  is  called  Perpetual  Motion  of  the  Second  Type. 

So  long  as  heat  must  be  exhausted  at  a  lower  temperature 
the  possibility  of  obtaining  mechanical  energy  from  heat  ceases 
as  soon  as  the  temperature  of  all  the  heat  in  the  universe  has 
been  dropped  to  the  lowest  attainable  value. 

If  this  necessity  of  exhausting  heat  at  a  lower  temperature 
were  removed,  it  would  be  possible  to  continue  the  conversion 
of  heat  into  mechanical  energy  after  all  means  of  obtaining  a 
temperature  difference  had  been  used  up,  that  is,  after  all  heat 
had  been  reduced  to  the  lowest  attainable  temperature. 

As  all  mechanical  energy  eventually  passes  back  into  heat 
energy  (generally  at  low  temperature)  through  friction  and 
allied  phenomena,  there  would  be  no  danger  of  the  supply  of 
heat  giving  out.  The  cycle  would  then  be  an  endless  one,  con- 
sisting of  the  transformation  of  heat  into  mechanical  cncrj^y, 
the  retrogression  from  this  form  of  energy  to  heat,  the  conversion 
to  mechanical  form  again,  and  so  on  ad  infinitum. 

This  would  then  be  equivalent  to  a  sort  of  perpetual  motion 
which  is  distinguished  from  the  other  two  types  by  calling  it,  as 
above.  Perpetual  Motion  of  the  Second  Type.  Hence  the  Second 
Law  of  Thermodynamics  may  also  be  stated  thus: 

Perpetual  Motion  of  the  Second  Type  is  impossible. 

This  Second  Type  of  Perpetual  Motion,  like  the  First  Type,  is 
impossible  even  in  imagination,  whereas  the  Third  Type,  though 
impossible  of  realization,  is  an  ideal  limit  of  possibilities. 

II.  Distribution  of  Associated  Heat  Energy,  (a)  Common  ex- 
perience shows  that  the  quantity  of  heat  associated  with  any  i)()r- 
tion  of  matter  may  be  changed  and  that  the  transformation  is 
accompanied   by  other  definite  phenomena  such  as  change  of 

•  There  arc  almost  as  many  statements  of  the  Second  Law  as  there  arc  authors 
of  books  on  thermodynamics.  It  is  believed  that  the  statement  as  here  Riven  is  the 
most  satisfactory  for  the  purposes  of  this  book. 
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In  3,  part  of  the  added  heat  may  overcome  the  resistance  of 
surrounding  media  to  displacement. 

In  all  cases  the  added  heat  becomes  stored  energy;  for  if  the 
phenomena  are  reversed  (conduction  and  radiation  loss  being 
prevented)  the  substance  will  return  to  its  original  dimensions, 
state,  and  temperature,  and  the  energy  previously  given  to  the 
substance  to  accomplish  these  results  will  be  returned  as  heat. 
Since  the  sensible  heat  and  the  internal  latent  heat  are  stored 
within  the  substance  itself,  and  since  the  external  latent  heat  is 
stored  in  external  media,  it  is  common  to  call  the  sum  of  the  first 
two  the  Change  of  Intrinsic  Heat  Energy  and  the  third  the  Change 
of  External  Heat  Energy. 

(c)  The  following  symbols  will  be  used  to  designate,  in  thermal 
units,  the  various  quantities  concerned  in  changes  of  associated 
heat  energy  in  substances: 

^Q  =  the  total  quantity  of  heat  added  to  or  taken  from  the 

substance. 
AS  =  the  part  of  AQ  associated  with  temperature  change; 

this  equals  the  change  of  sensible  heat. 
A/  =  the  part  of  A^  associated  with  internal  rearrangement; 

this  equals  the  change  of  internal  latent  heat. 
A£  =  the   part  of   A^  associated   with    the  displacement  of 

external   media;  this  equals  the  change  of  external 

latent  heat. 

From  the  foregoing  discussion  it  follows  that: 

A(2  =  A5  +  A/  +  AE, (i) 

for  the  three  symbols  on  the  right  of  the  equation  represent  the 
only  destinations  possible  for  added  heat,  and  the  only  possible 
s^>urces  of  abstracted  heat. 

Thus  the  change  of  intrinsic  heat  energy  =  A.S  +  A/,  the 
change  of  external  heat  energy  =  A/t  and  the  change  of  total 
associated  heat  energy  =  A()  =  A5  +  A/  +  A/i]. 

It  is  in  general  possible  for  any  or  all  of  the  three  lernis  on 
the  right  of  the  last  equation  to  be  either  positive  or  negative  or 
equal  to  zero.  Hence  it  is  necessary,  within  the  conditions  set 
at  the  beginning,  to  consider  the  equation  as  perfectly  general, 
and  to  interpret  it  for  the  conditions  of  each  case. 

(d;  As  an  illustration  of  the  foregoing  statements,  consider 
the  transformations  that   occur  and  the  heat    that  is  utilized 
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and  its  accompanying  separation  of  molecules.  There  will  also 
probably  be  certain  intramolecular  changes. 

As  there  is  no  temperature  change  during  the  process  of 
vaporization,  no  part  of  the  heat  (AQ)  supplied  can  be  used  to 
change  the  sensible  heat»  that  is,  as  AS. 

The  enormous  increase  of  volume  during  vaporization,  with 
th3  consequent  raising  of  the  piston  against  the  resistance 
offered  by  the  weight  of  the  piston,  the  superincumbent  at- 
mosphere, and  the  weight  W,  involves  the  doing  of  external 
work,  and  some  of  the  heat  supplied  during  the  process  must  be 
used  for  that  purpose.  This  heat,  which  may  be  designated  by 
AE,  is  known  as  the  external  latent  heat  of  vaporization  and  is 
stored  as  potential  energy  in  the  mechanical  parts  of  the  system, 
not  in  the  steam  itself. 

The  intramolecular  and  the  intermolecular  work  consume  the 
rest  of  the  heat  supplied,  and  the  part  used  for  such  purposes  is 
called  the  internal  latent  heat  of  vaporization.  According  to 
the  symbols  adopted  it  would  be  designated  by  A/. 

Thus  the  heat  supplied  during  vaporization  is 

• 

AQ=  M  +  A£, 

and  this  is  shown  at  b  in  Fig.  2. 

Considering  the  whole  process  of  heating  the  water  and  vaporiz- 
ing 

AQ  =  ASi  +  All  +  AEi  +  AI„  +  AE„ 

in  which  the  subscript  /  indicates  heat  added  to  the  liquid  while 
raising  the  temperature  and  subscript  v  refers  to  the  heat  added 
during  vaporization.  On  the  assumption  that  Alt  and  AEi 
are  negligil)lc, 

AQ  =  ASi  +  Alv  +  AE,. 

While  water  has  been  used  as  an  example,  all  licjuids  present 
similar  phenomena  during  heatinj^  and  vaporization.  Licjuid 
ammonia.  li(iuid  sulphur  dioxide,  licjuid  carbon  dioxide,  or  any 
one  of  a  number  of  other  materials,  might  have  been  used  as  an 
illustration. 

Other  examples  of  processes  showing  the  different  utilizations 
of  heat  might  be  cited,  but  it  is  believed  that,  for  present  pur- 
poses, the  one  given  above  sufficiently  illustrates  the  ideas  and 
the  meanings  of  the  symbols  used. 
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12.  Specific  Heat,  (a)  As  just  indicated,  the  change  of  tem- 
perature, with  corresponding  change  of  sensible  heat,  may  be 
accompanied  by  two  other  changes,  and  it  is  clear  that  the  change 
in  associated  heat  energy  is  dependent  upon  all  three  factors. 
This  must  be  taken  into  account  in  considering  specific  heat, 
which  may  be  defined  thus: 

The  specific  heat  of  a  substance  is  the  heat  added  to,  or  abstracted 
from,  a  unit  weight  of  that  substance  when  its  temperature  is  changed 
one  degree. 

The  quantity  of  heat  thus  defined  may  be  used  in  any  one  or 
all  of  three  ways:  (i)  to  raise  temperature,  (2)  to  do  internal 
work,  (3)  to  do  external  work.  The  quantity  of  heat  required 
simply  to  raise  the  temperature  would  obviously  be  less  than  the 
quantity  required  to  raise  the  temperature  and  also  to  do  work, 
external  or  internal.  Hence  for  every  substance  there  must 
be  several  specific  heats,  the  values  of  which  depend  upon  the 
use  made  of  the  heat. 

But  by  whatever  method  the  heat  is  applied  and  whatever  the 
use  made  of  it  during  its  addition  to  a  substance,  if  the  method  is 
the  same  throughout,  the  specific  heat,  C,  by  definition  must  be 

C  = ^ , (2) 

W{T2-  TO 

in  which 

AQ  =  heat  added. 

W  =  weight  of  substance  receiving  heat. 

Ti  =  temperature  before  A^  is  added. 

Ti  =  temperature  after  AQ  is  added. 

(b)  If  the  specific  heat  is  not  constant,  with  any  method  of  heat 
application,  the  value  of  C  from  Eq.  (2)  is  an  average  value  for 
the  temperature  range  and  is  called  a  Mean  Specific  Heat.* 

Hereafter  mean  sf)ecific  heats  will  be  denoted  by  putting  a 
vinculum  over  the  symbol,  and,  where  essential,  the  temperature 
range  will  be  indicated  by  subscripts;  thus,  C75-180  should  be  read 
as  the  mean  specific  heat  between  75°  and  180°. 

If  the  specific  heat  is  constant  the  heat  added  during  the  tem- 
perature change  from  Ti  to  Z2  is 

AQ  =  CW{T,-TO (3) 

*  The  mean  specific  heat  is  thus  useless  for  purposes  of  exact  calculation  unless 
the  temperature  range  over  which  it  is  the  average  is  known  and  unless  it  is  used 
in  calculations  involving  that  same  temperature  range. 
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If  the  specific  heat  is  variable 

AQ=  CW(T2-T,) (4a) 

or  =^  W  I    '  CdT, (4b) 

in  which  C  represents  the  successive,  or  instantaneous,  values 
of  the  variable  specific  heat  as  the  temperature  changes  from 
Ti  to  Tt, 

(c)  It  is  conceivable  that  the  temperature  of  a  substance  may 
be  raised  in  such  manner  that  no  internal  or  external  work  is 
done,  and  the  heat  would  then  be  applied  only  to  raising  tem- 
perature, and  would  be  a  true  specific  heat.  Such  true  specific 
heats,  it  will  be  found  later,  are  sometimes  closely  approximated 
in  the  case  of  gases. 

13.  Total  Associated  Heat.  It  is  impossible  at  present  to 
determine  the  total  quantity  of  heat  energy  associated  with  a 
substance  under  given  conditions,  because  no  means  are  available 
for  complete  heat  removal. 

To  compare  associated  heats  of  substances  at  different  tempera- 
tures, a  convenient  value  for  Ti  is  assumed  as  a  datum  and 
calculations  are  confined  to  the  region  above  it.  This  method 
gives  relative  and  not  absolute  results,  but  serves  for  engineering 
purposes.  The  value  of  Ti  is  usually  32*^  F.,  when  such  a  choice 
is  possible. 
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Boiler/*  including  the  "  furnace,**  the  "  Steam  Engine,"  the 
**  Condenser/'  and  the  "  Boiler  Feed-Water  Pump/*  It  is 
shown  in  one  of  its  many  forms  in  Fig.  3,  with  these  four  parts 
named.     The  method  of  operation  is  as  follows. 

(b)  Fuel  is  burned  on  the  "grate  **  in  the  furnace  under  the 
boiler.  The  combustion  of  this  fuel  liberates  a  large  amount  of 
heat  energy,  which  is  partly  absorbed  by  the  products  of  com- 
bustion, partly  radiated  to  the  water  through  the  "  heating  sur- 
faces "  of  the  boiler  tubes  and  shell,  and  partly  radiated  through 
the  furnace  walls  to  the  surrounding  air.  This  latter  type  of 
radiation  represents  a  loss,  which  can  never  be  prevented,  as  the 
furnace  walls  cannot  be  made  nonconducting. 

The  furnace  may  be  regarded  as  the  part  of  the  boiler  apparatus 
which  converts  the  heat  energy,  latent  in  the  fuel,  into  available 
heat  energy.  It  will  be  found  that  there  are  certain  losses  in 
this  conversion  which  can  never  be  entirely  prevented  in  any 
real  case.     They  may  be  summarized  as  follows: 

(i)  Some  of  the  fuel  falls  through  the  grate  and  is  not  burned. 

(2)  The  ashes  and  refuse  drop  through  the  grate  with  a 
higher  temperature  than  that  at  which  they  were  put  into  the 
furnace. 

(3)  Some  of  the  more  volatile  parts  of  the  fuel  pass  off  with 
the  pnxlucts  of  combustion  and  are  not  burned. 

(4)  In  order  to  insure  the  complete  combustion  of  the  fuel, 
a  larger  amount  of  air  must  be  supplied  the  furnace  than  is 
theoretically  necessary.  This  mixes  with  the  products  of  com- 
bustion proper  and  represents  just  so  much  more  gas  to  be 
heated  by  the  energy  liberated  by  combustion.  As  a  result  the 
temperature  attained  by  these  gases  is  proportionately  lower  and, 
a>  will  be  discovered  later,  the  subsequent  utilization  of  the  heat 
is  made  more  difficult. 

(c;  During  the  operation  of  the  furnace  a  stream  of  radiant 
heat  energy  from  the  incandescent  fire  passes  through  the  heat- 
ing surfaces  to  the  water  and  steam,  and  there  is  also  a  stream  of 
hot  gas  which,  as  it  passes  over  these  surfaces,  gives  up  heat  to 
the  fluids  within.  In  this  part  of  the  process  there  will  always 
be  three  losses: 

^l.)  Part  of  the  heat  carried  by  the  products  of  combustion 
will  pass  out  through  the  external  walls  of  the  *'  boiler  setting," 
instead  of  into  the  heating  surfaces. 
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(2)  The  gases  can  in  theory  pass  heat  into  the  heating  surfaces 
so  long  as  their  temperature  is  higher  than  that  of  the  water  and 
steam.  In  the  ideal  boiler  these  gases  would  be  cooled  to  the 
temperature  of  the  water  and  steam,  but  in  practice,  for  vari- 
ous reasons,  they  leave  the  apparatus  when  there  is  still  a  dif- 
ference of  temperature  of  from  200°  F.  to  500*^  F.  or  even 
more. 

(3)  The  temperatures  of  the  fuel' and  air  entering  the  furnace 
of  course  approximate  that  of  the  room,  and  the  products  of 
combustion  are  heated  from  that  value  (about  60°  F.)  to  the 
high  temperature  with  which  they  leave  the  furnace.  The 
temperature  of  the  water  and  steam  within  the  boiler  is  always 
from  about  200°  to  400°  F.,  or  more,  higher  than  room  tem- 
perature; thus,  even  if  the  gases  were  cooled  the  theoretically 
maximum  amount,  they  would  still  carry  off  considerably  more 
heat  than  they  would  if  cooled  to  atmospheric  temperature. 

Despite  all  the  losses  so  far  enumerated,  a  considerable  pro- 
portion (from  50  to  80  per  cent)  of  the  original  heat  energy  of 
the  fuel  is  passed  through  the  heating  surface  and  is  used  in 
raising  the  temperature  of  the  water  and  in  generating  steam. 
This  heat  is  stored  in  the  steam. 

(d)  As  was  explained  in  Section  11  (d),  under  the  conditions 
governing  the  generation  of  steam  in  a  steam  boiler,  the  liquid 
must  first  be  raised  to  a  definite  temperature,  dependent  on  the 
pressure,  before  it  can  be  vaporized.  To  raise  the  water  to  this 
temperature  a  certain  amount  of  heat  must  be  added  to  it;  and, 
the  lower  the  temperature  at  which  the  water  enters  the  boiler 
and  the  higher  the  temperature  of  the  steam,  the  greater  will 
be  the  quantity  of  heat  needed. 

After  the  absorption  of  this  amount  of  heat  a  still  larger 
quantity,  known  as  the  "  latent  heat  of  vaporization,"  must  be 
supplied  to  convert  the  hot  water  into  steam  at  the  same  tem- 
perature. 

The'  total  heat  supplied  can  be  subsequently  abstracted,  as 
heat,  by  condensing  and  cooling  and  thus  obtaining  the  same 
water  at  the  original  temperature,  or  part  of  it  can  be  obtained 
in  the  form  of  useful  mechanical  energy  by  certain  transforma- 
tions which  may  be  made  to  take  place  in  the  steam-engine 
cylinder.  For  our  present  purposes  this  latter  is  the  more 
important  of  the  two  possibilities. 
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This  is,  in  theory  at  least,  characteristic  of  all  processes  by 
means  of  which  heat  is  converted  into  work.  In  practice  it  is 
sometimes  found  to  be  simpler  or  more  desirable  to  throw  away 
the  working  substance  after  it  has  been  used  in  the  engine  and 
to  continue  to  supply  new  quantities  for  the  reception  of  heat 
at  high  temperature.  In  steam-power  plants,  for  instance,  the 
condensate  is  often  abandoned,  and  the  boilers  are  theii  supplied 
with  corresponding  quantities  of  water  from  some  other  sources, 
such  as  wells  or  streams. 

Theoretically,  however,  it  is  immaterial  whether  one  pound  of 
water  is  used  time  after  time,  or  whether  new  is  substituted  for 
old,  pound  for  pound,  at  some  point  in  the  process,  provided  only 
that  the  substitute  have  the  same  volume,  pressure,  temperature, 
and  heat  conditions  as  that  which  it  replaces. 

In  the  lower  part  of  Fig.  3  is  a  *'  heat-flow  diagram.'*  This 
shows  the  stream  of  heat  energy  flowing  from  the  boiler  to  the 
engine.  Its  width  shows  the  relative  amount  of  heat  remaining 
available  for  doing  external  work,  and  the  offshoots  show  the 
losses  that  occur  at  different  stages  of  the  process. 

(g)  Returning  to  the  engine,  the  action  of  the  steam  within  the 
cylinder  will  now  be  considered  in  a  very  elementary  manner,  in 
order  to  bring  out  certain  conceptions  which  will  be  useful  in 
the  discussions  of  the  following  chapters.  This  action  of  the 
steam  will  be  considered  in  detail  later. 

The  steam,  upon  its  arrival  at  the  engine  (which,  for  sim- 
plicity, will  be  considered  "  single-acting  "),  is  admitted  by  the 
"  admission  valve  '*  to  one  end  of  the  cylinder,  where  it  acts  on 
the  piston,  causing  it  to  move  and  deliver  mechanical  energy. 
The  valve  may  remain  open  during  the  entire  stroke  of  the  piston, 
or  it  may  close  before  the  stroke  ends,  which  is  the  usual  practice. 

If  the  different  positions  of  the  piston  in  its  stroke  are  plotted 
as  al>scissas  and  the  corresponding  pressures  acting  on  the 
piston  face  are  erected  as  ordinates,  there  will  be  obtained  a 
line  like  ah,  in  Fig.  4,  which  line  is  a  graphical  representation 
of  pressures  occurring  witkin  the  cylinder  during  the  admission 
of  the  steam.  The  work  done  on  the  piston  in  moving  it  from 
position  I  to  2  can  be  computed  if  the  constant  pressure  acting 
on  the  piston  and  the  distance  traversed  are  known. 

If  the  admission  valve  be  assumed  to  close  (at  2)  when  the  dis- 
tance moved  is  less  than  the  stroke,  the  expansion  of  the  steam 
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thus  entrapped  will  continue  to  drive  the  piston  until  the  end  of 
the  stroke  is  reached.  It  will  be  discovered  in  later  chapters  that 
this  expansion  is  accompanied  by  a  drop  in  the  pressure  and  in 
the  temperature  of  the  steam.  The  way  the  pressure  drops 
during  the  expansion  is  shown  by  the  curve  be  in  Fig.  4.     The 

work  done  while  the  piston  is  moving 
from  position  2  to  3  can  be  computed 
when  the  average  pressure  acting  on 
the  piston  and  the  distance  traveled  are 
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known.     The  average  pressure  is  pro- 
portional to  the  mean  ordinate  of  the 
curve  be.     The  method  of  determining 
EistonPoertioiii  it  will  be  given  later.     At  present  it  is 

Pig  4  sufficient   to   know  that   work  is  done 

during  this  expansion. 
When  the  piston  arrives  at  the  end  of  its  stroke  the  **  exhaust 
valve  "  opens  communication  between  the  interior  of  the  cylinder 
and  the  condenser,  in  which  a  comparatively  low  temperature 
and  pressure  are  maintained,  and  some  of  the  steam  at  once 
rushes  from  the  cylinder  to  the  condenser,  where  it  is  liquefied 
and  discharged  to  the  hot  well  in  the  manner  already  discussed. 
This  process  is  shown  by  the  line  ed  in  Fig.  4,  the  pressure  within 
the  cylinder  decreasing  to  the  value  prevailing  within  the  con- 
denser. 

If,  now,  the  piston  is  driven  back  to  the  beginning  of  the 
stroke,  it  will  force  all  the  steam  from  the  cylinder  into  the 
condenser,  where  it  will  be  liquefied  as  fast  as  it  enters.  In 
moving  from  position  3  to  i,  in  Fig.  4,  the  piston  will  have  swept 
through  the  entire  stroke  against  a  constant  resisting  pressure 
equal  to  the  "  back  pressure  '*  or  **  condenser  pressure."  This 
operation  is  represented  by  the  line  de  in  Fig.  4.  In  forcing 
the  steam  from  the  cylinder,  the  piston  does  work  which  can  be 
computed  if  the  mean  resisting  pressure,  as  shown  by  the  ordi- 
nate of  dcy  and  the  stroke  are  known. 

Obviously,  no  work  is  done  on  or  by  the  piston  during-  the 
process  represented  by  cd,  as  it  is  not  accompanied  by  motion  of 
the  piston.  Similarly,  if  the  piston  is  stationary  at  the  beginning 
of  its  stroke  while  the  pressure  is  raised  by  the  entering  steam 
from  the  value  shown  at  e  to  that  at  a,  no  work  is  done  during 
that  process. 
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The  total  work  done  during  the  two  strokes  is  the  difference 
between  the  work  done  on  the  piston  during  processes  represented 
by  lines  ab  and  be  and  that  done  on  the  steam  by  the  piston  during 
process  de. 

The  processes  through  which  the  steam  has  been  carried  in  the 
cylinder  (as  shown  in  diagram,  Fig.  4)  are  idealized  versions  of 
what  occurs  in  actual  engines,  and  it  is  seen  that  even  in  this 
ideal  case  only  a  small  part  (theoretically,  from  10  to  30  per  cent) 
of  the  heat  in  the  steam  could  be  actually  converted  into  work, 
the  rest  remaining  in  the  steam  exhausted.  In  the  actual  case  a 
still  larger  amount  of  the  heat  is  wasted  in  the  cylinder  and  a 
proportionately  less  amount  of  heat  is  delivered  as  mechanical 
energy  to  the  piston.  These  losses  occurring  within  the  cylinder 
are  quite  large  and  may  be  called  "  cylinder  losses.'' 

Not  all  the  mechanical  energy  that  is  available  at  the  piston 
is  delivered  by  the  engine  (by  belt  or  other  means)  for  doing 
useful  work,  for  some  of  this  energy  is  used  in  overcoming  the 
friction  of  the  engine  itself. 

The  relative  amounts  of  energy  available  for  doing  work  and 
the  losses  occurring  at  the  different  stages  are  shown  in  amount 
by  the  width  of  the  energy  stream  in  the  lower  part  of  Fig.  3. 

ih)  In  imagination  at  least,  it  may  be  considered  that  the 
same  operations  that  have  been  described  for  the  ix)wcr  plant  as 
a  whole  can  be  performed  entirely  within  the  engine  cylinder 
alone.  Thus  the  water  (or  working  substance),  constant  in 
amount,  can  be  considered  as  always  remaining  within  the  cyl- 
inder, and  can  be  imagined  first  as  being  there  heated  and  vaf:)or- 
ized  •  corresponding  to  lines  ea  and  ab  in  Fig.  4),  then  as  steam 
arting  on  the  piston  during  the  expansion  (corresponding  to 
line  be  in  F'ig.  4),  and  finally  as  being  condensed  and  returned 
to  its  original  condition  (according  to  lines  cd  and  de)  by  the 
abstraction  (;f  heat  by  some  process  e(iuivalent  to  that  per- 
fornic^J  !)>'  the  condenser. 

As  all  these  processes  are  imagined  to  be  performed  with  the 
same  working  substance,  and  as  this  is  always  returned  to  iis 
original  condition,  the  operations  within  the  cylinder  may  be  said 
to  constitute  a  cycle,  which  may  be  called  "  the  engine  cycle  " 
to  distinguish  it  from  the  cycle  of  the  power  plant  as  a  whole, 
(i)  It  should  be  noted  that,  in  obtaining  mechanical  energy 
from  heat  by  means  of  the  engine,  the  working  substance  supplies 
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heat  energy  to  the  engine  at  a  high  temperature  (that  is,  it  fur- 
nishes what  may  be  called  "  high-temperature  heat'*)*  ^ind  that 
upon  leaving  the  cylinder  the  working  substance  still  retains 
some  of  the  heat  but  at  a  lower  temperature  (that  is,  it  retains 
what  may  be  called  "  low- temperature  heat  *')•  This  will  be 
found  to  be  characteristic  of  every  process  by  which  heat  is  con- 
verted into  mechanical  energy.  Evidently,  the  more  heat  con- 
verted into  mechanical  energy  and  the  less  rejected  at  low 
temperature,  the  more  efficient  is  the  engine.  But  even  in  the 
ideal  case  it  will  be  found  that  some  heat  must  be  rejected, 
which  is  in  accordance  with  the  statement  of  the  Second  Law  of 
Thermodynamics  and  is  shown  diagrammatically  in  Fig.  i. 

i6.  The  Producer  Gas-Power  Plant.  The  principal  parts  of 
this  plant  are  represented  in  Fig.  5.  The  fuel  enters  the  gas 
producer,  carrying  with  it  its  store  of  heat.  In  the  producer 
the  combustible  part  of  this  fuel  is  gasified  at  the  expense  of 
some  of  its  heat,  while  in  theory  the  rest  of  its  heat  is  stored  in 
the  combustible  gas  formed.  The  gas,  carrying  this  part  of  the 
heat  with  it,  enters  the  engine  cylinder,  mixes  with  air,  and  is 
ignited.  The  resulting  inflammation  raises  the  temperature  and 
pressure  of  the  products  of  combustion  to  high  values.  These 
gases  then  do  work  on  the  piston  at  the  expense  of  this  high- 
temperature  heat  and  sustain  a  corresponding  drop  in  tem- 
perature. They  are  finally  rejected,  carrying  with  them  a  certain 
part  of  the  original  heat  content,  now  existing  at  a  lower  tem- 
perature. 

Theoretically,  it  would  be  possible  to  remove  this  low-tem- 
perature heat  in  an  apparatus  corresponding  to  a  condenser, 
return  the  same  mass  of  working  substance  to  its  original  chemical 
composition,  and  start  the  cycle  over  again.  Practically,  how- 
ever, it  is  found  much  simpler  to  throw  the  burned  gases  away 
each  time  and  to  start  again  with  fresh  working  substance. 

For  this  reason  the  atmosphere  is  commonly  used  in  place  of 
a  condenser.  It  possesses  the  necessary  characteristic  of  low 
temperature,  as  compared  with  the  highest  attained  in  the  opera- 
tion of  the  engine,  and  has  ability  to  absorb  all  the  heat  rejected 
by  the  engine.  It  possesses  the  further  convenient  characteristic 
of  being  able  to  absorb  the  working  substance  as  fast  as  it  is 
rejected  by  the  engine. 
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Although  the  series  of  operations  that  was  outlined  in  con- 
nection with  the  steam-power  plant  is  not  quite  so  evident 
in  this  case,  analysis  will  show  that,  in  theory  at  least,  the 
working  substance  could  be  used  over  and  over  again,  serv- 
ing only  to  receive  high-temperature  heat,  to  transform  some 
of  it  into  mechanical  energy,  and  to  reject  the  rest  at  a  low 
temperature. 

17.  Analogy.  The  operation  of  heat  engines  has  often  been 
compared  to  the  operation  of  water  wheels,  and  there  is  much 
that  is  similar. 

A  water  wheel  develops  mechanical  energy  by  receiving  water 
under  a  high  head,  absorbing  some  of  its  energy,  and  then  re- 
jecting the  fluid  under  a  low  head. 

A  heat  engine,  in  developing  mechanical  energy,  receives  heat 
energy  at  a  high  temperature  (head),  absorbs  some  of  it,  which 
is  converted  into  mechanical  energy,  and  then  rejects  the  rest 
at  a  low  temperature  (head). 

This  analogy  between  "  heat  sliding  down  a  temperature 
hill,'*  as  it  is  sometimes  stated,  and  "  water  sliding  down  a 
grade,"  is  very  useful,  but  should  not  be  carried  too  far. 

One  point  of  resemblance  is,  however,  worthy  of  special  note: 
The  water  wheel  never  removes  all  of  the  energy  of  the  water; 
there  is  always  a  certain  discharge  loss,  or  a  certain  amount  of 
energy  rejected.  In  the  same  way  the  heat  engine  never  removes 
all  of  the  heat  energy  from  the  working  substance;  there  is 
always  a  certain  discharge  loss,  or  a  certain  amount  of  energy 
rejected  (Second  Law  of  Thermodynamics). 

18.  Further  Study.  A  number  of  theoretical  considerations 
must  be  studied  in  detail  before  this  subject  of  conversion  of 
heat  energy  into  mechanical  form  can  be  discussed  more  thor- 
oughly. It  is  necessary  to  learn  some  of  the  physical  and 
chemical  properties  of  the  common  working  substances,  some 
of  the  different  kinds  of  changes  they  can  be  made  to  undergo 
for  the  doing  of  work,  and  to  develop  certain  theoretical  cycles 
of  operation  upon  which  the  real  cycles  are  based. 

This  is  done  in  the  immediately  succeeding  chapters.  Gases 
are  considered  first  because  their  laws  permit  of  simpler  forms 
of  expression  and  are  more  easily  understood  than  are  those  of 
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vapors,  which  are  the  only  other  working  substances  commonly 
used. 

In  later  chapters  the  real  cycles,  the  engines,  and  their  auxil- 
iaries, the  power  plants,  and  the  commercial  and  operating  con- 
siderations connected  therewith,  will  be  taken  up  again. 


CHAPTER   IV. 

THE  LAWS  OF  GASES. 

iQ.  States  of  Aggregation  of  Substances,  (a)  Almost  every 
substance  known  has.  under  proper  temperature  and  pressure 
condiiions,  lx*en  made  to  exist  in  three  physical  states,  or  condi- 
tions of  aggregation.  —  namely,  as  a  solid,  as  a  liquid,  and  as  a  gas; 
and  it  is  probable  that  this  can  be  done  for  all  matter  with  proper 
regulation  of  temperature  and  pressure. 

The  higher  the  temperature  and  the  lower  the  pressure,  the 
greater  the  tendency  to  exist  in  the  more  rarefied  condition  of 
aggregation  —  that  is,  as  a  gas;  while  the  lower  the  temperature 
anil  the  higher  the  j^ressure,  the  greater  the  tendency  toward  the 
solid  form.  The  values  of  the  limiting  conditions,  —  namely,  tem- 
perature and  pressure, — which  will  determine  any  of  the  three 
stales,  varv  widelv  with  the  different  substances,  and  under 
ordinary  atmospheric  conditions  some  of  the  materials  in  the 
uniwTse  are  known  as  solids,  others  as  liquids,  and  still  others 
as  leases. 

The  \arious  substances  obey  certain  laws,  differing  for  different   • 
siatrs.  and  with  constants  that  vary  with  the  substance.     The 
laws  that  govern  matter  in  the  gasei^us  state  are  the  simplest 
anil  A\   |>res^^nt  are  best  known.     These  laws  will  now  be  de- 
\oI'»jv«l  and  will  be  more  fully  distnissed  in  Chapter  IX. 

b     riu"  laws  oi  gases  may  l)e  divided  into  two  groups,  — 
bk\il  laws  and  Actual  Laws. 

riu  ideal  laws  or  laws  of  ideal  gases  are  not  absolutely  true 
t«M-  ar.\  i\'a\  i:,Ki>c>,  Inu  hold,  with  suliiciently  close  approximation 
lor  I  ncinrering  jnirposv's.  tor  all  gases  which  are  far  renio\*ed    , 
i"io-a\  liquefaction,  like   hydrogen,  nitrogen,  oxygen,  and,  to  a   , 
veiKiiu  extent .  carbon  dioxiile.  ) 

llu'  actual  laws  oi  gases  are  the  ideal  laws  modified  so  as  to  J 
coiitiM  :n  as  accurately  as  j^ossible  to  the  behaxnor  of  real  gjaMT  -' 
and    iliey   generally   take  account   of  different  theories  of  tl 
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actual  composition  of  gases.     They  are  seldom  used  by  engineers 
and  their  consideration  is  left  for  another  chapter. 

In  general,  the  variation  from  the  ideal  laws  becomes  less  as 
the  real  gases  are  further  removed  from  the  conditions  of  lique- 
faction, or  as  the  molecules  become  more  widely  separated  and 
the  effect  of  intermolecular  forces  becomes  less.  From  this  it 
is  concluded  that  the  hjrpothetical  ideal  gas  must  be  imagined 
devoid  of  such  intermolecular  forces. 

20.  The  Ideal  Laws  of  Condition  of  Gases.    These  laws  are, 

1.  The  Law  of  Boyle  or  of  Marriotte,  and 

2.  The  Law  of  Charles  or  of  Gay  Lussac. 

I.  Boyle's  Law. 

This  law,  which  deals  with  variations  of  pressure  and  volume 
at  constant  temperature,  is: 

When  the  temperature  of  a  given  weight  of  gas  is  maintained 
constant  the  volume  and  pressure  vary  inversely.  Mathematically 
expressed,  it  becomes 

Yi^Pi (5) 

or 

ViPi  =  V2P2  =  ^3^3    .    .    =VnPn  =  Constant,      .     (6) 

in  which 

Vu  V2f  etc.  =  the  volumes  occupied  by  a  given  weight  of  a 

particular  gas  at  constant  temperature  but 
different  pressures,  and 

-Pit  Pti  etc.  =  the  corresponding  pressures  exerted  by  the 

gas,  or  to  which  the  gas  is  subjected. 

2.   Charles'  Law. 

fa)  This  law,  which  deals  with  volume  or  with  pressure 
changes  accomjmnying  temperature  variations  ma\'  be  con- 
veniently divided  into  two  statements: 

(i)  When  the  pressure  of  a  given  iceight  of  gas  is  maintaijied 
constant  the  volume  increases  :fig*  of  its  value  at  32°  F.  for  every 
Fahrenheit  degree  rise  of  temperature  and  decreases  the  same  amount 
for  every  degree  decrease  of  temperature. 

•  The  exact  value  is  not  jjj,  but  this  is  probably  the  nearest  simple  fraction 
and  is  close  enough  for  engineering  purposes. 
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(2)  When  the  volume  of  a  given  weight  of  gas  is  maintained 
constant  the  pressure  increases  ^i^  of  its  value  at  32°  F.  for  every 
Fahrenheit  degree  increase  in  temperature  and  decreases  the  same 
amount  for  every  degree  decrease  in  temperature, 

(b)  Given  a  unit  volume  of  gas  at  32°  F.  with  pressure  main- 
tained constant,  then  increasing  the  temperature  1°  F.  would 
cause  the  volume  to  become  ^\^  larger,  while  a  decrease  of  1°  F. 
would  result  in  a  volume  ^^^  smaller;  a  2°  change  in  temperature 
would  cause  the  volume  to  alter  ^J^,  and  so  on.  Writing  tem- 
peratures and  corresponding  volumes  for  this  case  side  by  side, 
and  beginning  with  a  temperature  of  (492  +  32)  degrees,  gives: 

Temperatures,  Fahr.  Volumes 

524°  (=  32  +  492)   .     .     I  +  (492  X  ?Jir)  =  Itl  =  2 

33' I  +  (  I  X  ,i7)-  =  m 

32° .    I  +(   ox,W  =  iSf  =  I 

31' I   -  (      I   X:f4,)  =}H 


0° I  -  (  32  X  ,iir)  = 


-  460°  (=  32  -  492)  .    .    I  -  (492  X  ^i?)  =  ^%^  =  o. 

If  these  volumes  are  plotted  as  abscissas  with  tempera- 
tures in  degrees  Fahr.  as  ordinates,  the  points  will  be  found 
to  lie  on  a  straight  line  which  intersects  the  temperature  axis 
at  —  460°. 

If  the  law  holds  consistently  the  volume  will  be  reduced  to 
zero  at  —  460°  F.  Similarly  with  constant  volume  the  pressure 
must  become  zero  at  —  460°  F.  This  point  of  the  temperature 
scale  is  called  the  Absolute  Zero  of  temperature,  and  tempera- 
tures measured  from  it  are  known  as  Absolute  Temperatures. 
Since  this  point  is  460  Fahrenheit  degrees  below  Fahrenheit  zero, 
the  absolute  temperature,  7",  corresponding  to  any  Fahrenheit 
temperature,  /,  can  be  found  by  adding  460  to  the  latter;  that  is^ 

r  =  46o  +  / (7) 
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(c)  The  conception  of  absolute  temperature  makes  possible  a 
very  simple  mathematical  statement  of  Charles'  law.  This 
should  be  evident  from  the  foregoing  table. 

Thus,  the  two  parts  of  the  law  are: 

(i)   With  pressure  constant     tt  =  ^ W 

K2  i  2 

and 

P        T 
(2)   With  volume  constant        ^*  =  ^ (9) 

(d)  The  apparent  anomaly  of  zero  volume  at  absolute  zero 
temperature  results  from  assuming  the  law  to  hold  continuously 
to  the  lowest  temperatures.  It  should  be  remembered  that  this 
is  a  law  for  an  ideal  substance  only,  and  does  not  represent  the 
behavior  of  any  material  actually  existing.  Therefore  there  is  no 
a  priori  reason  for  doubting  the  result.  A  possible  explanation 
of  this  matter  will  be  given  in  Section  76  (e).  Despite  its  appar- 
ently ridiculous  meaning  at  low  temperatures,  the  law  holds  with 
sufficient  accuracy  for  most  gases  at  the  temperatures  used  in 
ordinary  engineering. 

3.   Combination  of  the  Laws  of  Boyle  and  Charles. 

(a)  Since  it  is  seldom  true  in  actual  practice  that  one  of  the 
three  possible  variables,  -P,  F,  and  T,  remains  constant  while  the 
other  two  change,  it  is  convenient  to  combine  Boyle's  law  with 
that  of  Charles  so  as  to  obtain  an  expression  giving  the  relation 
among  all  three  variables.  The  resulting  expression  is  known  as 
the  Law  of  Condition  of  Ideal  Gases,  or,  more  simply,  as  the  Law 
of  Ideal  Gases. 

(b)  To  obtain  the  mathematical  expression  of  this  law,  it  is 
only  necessary  to  imagine  a  given  weight  of  gas  with  initial  con- 
ditions Pu  Vu  Tu  changing  to  final  conditions  P2,  V2y  T2,  in  two 
steps;  first,  at  constant  temperature  Ti,  to  V2  and  some  inter- 
mediate pressure  P/,  and  second,  at  constant  volume  F2,  to  P2 
and  Ti. 

The  result  of  the  first  change  is  given  by  Boyle's  law  as  follows: 

V       P ' 
With  temp,  constant  at  Ti,    W^  =  -^» 

V2        r\ 

from  which  />/ =  ^lEl (10) 
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Here  P/  is  the  resulting  pressure  of  the  gas  when  its  volume  is 
changed  to  7j  and  its  temperature  remains  Ti,  Then  using 
C.'harles*  law  for  the  second  change, 

P '      T 
with  volume  constant  at  Fo,       -J-  =  -i, 

-r  2  i  2 

from  which  p.=l^ (ii) 

1 1 

Here  Po  is  the  resulting  pressure  of  the  gas  when  its  temperature 
changes  to  T2  and  its  volume  remains  Vt- 

If  now  the  value  of  P/  from  (10)  be  substituted  in  (li),  the 
resultant  expression  is 

PiF,    T. 

giving,  on  rearrangement, 

PiFi      P2F2 

■ ^S^     —  —   I        •  •  •  •  •  • 

T,  To 

which  is  the  expression  sought.     In  general  this  becomes 


1^2 v^r-  •  ^- 


(12) 


n 


PlTl  Pj  I  2  Pa^  S  Pnt  fi  ^  .         .  /,^v 

^T-  =  -„—    =  -^  -  =      •     •     — T-—  =  Constant.  .     .     (13) 

-^  1  i  2  I  3  In 

(c)  The  value  of  this  constant  for  any  given  gas  will  vary 
directly  with  the  weight  of  gas  dealt  with;  for,  at  any  given  tem- 
I)eratiire  and  pressure,  two  i)ounds  of  gas  must  occupy  twice  the 
volume  occupied  by  one  pound,  three  ix)unds  three  times  the 
volunie,  etc.  For  convenience  it  is  customary  to  tabulate,  for 
all  the  commercial  gases,  the  value  of  this  constant  obtained  by 
sul)>tituiing  in  ( 13)  the  volume  of  one  pound  of  gas  and  the  tem- 
I)erciiure  and  i)ressure  at  which  the  volume  was  expert  mentally  de- 
termined. This  constant,  commonly  represented  by  R,  will  be 
found  to  he  of  great  importance. 

To  distinguish  the  volume  of  any  given  weight  from  the 
volume  of  a  unit  weight  of  gas,  the  former  will  hereafter  be  desig- 
naterl  by  V  and  the  latter  by  V.  The  expression  of  the  law  fot 
one  pound  of  ideal  gas  then  is 

PV 

-j^=R (14). 

(d)  It  makes  no  difference  what  units  are  adopted  in  such  9fk. 
expression  as  (13),  provided  the  same  units  are  consistently  mlof 
throughout  all  the  calculations,  but  in  (14)  a  constant  R  is  deal 


5  :i?  iij. 


with  whose  \~alues  have  bee=:  czjriuLi^c  fn:  ■:ir»:ij_-i±t;-  ic^trr  - 
is  necessar>'  to  employ  the  ^rv  ^=£3  «:?  iziise  lattn  n  rxj>i--^>i-T-T^ 
R.     In  Elnglish-speaking 


P    =  pressure  in  pc<mcs  rer  siriser*  :':•:<: 

V    =  volume  of  one  pc<i3f  :c  cra-.  jz.  riizuz  ?±sr    ?ti: 

r   =  absolute  tempganirr  i:i  F^Jrr^Tt^'r  ji^rtr=?. 

(e)  The  "  constant  "  inequari:?!  :  3  =^:.  n:«¥^  itr  rrrsf-rrr-t-:  Lr 
ir/?  where  W  represents  the  E:r^'r«rr  ;c  r»:iini5  :c  riir  -ccr=i-rTr^±ri 
by  Vi,  IV  .  .  .  IV  This  applies  rn  =Z  rL=e*  —  -^ruir  .-  TTirii:? 
for  pressure  in  pounds  per  square  ::o-  -' :  :r  "zi^rDt  n  ri.:i!:  ftrr"_ 
and  T  for  degrees  Fahrenheit  ab:  ve  ^Zfsiii.\rjt  n^: 

(f)  Boyle's  law  as  pre\"iou5Jy  siatec  =v=y  -.:*¥-  re  =esi  i:  itt  ic^y 
a  special  form  of  equation    13  *:^    14  .     'tVrltLZ:*  "LDise 

Pr  =  ir/?r       and      JV  =  RT. 

it  becomes  evident  that  the  rigfar-har>d  n>rrr.ier  is  i  n«:r*  r:'=-L't-t 
expression  for  the  **  constant  "  of  eq-jari-i-n   t  . 


21.  The  Specific  Heats  of  Ideal  Gases.    Af  =.  rt^. : 
assumption  regarding  the  constitudor.  ■:•:  f-feal  rLsrf   r*rr  ;.i, 
it  follows  that,  if  a  quantity  of  he^:.  -J.  ir  liiri  :     ^r 
gas  in  such  manner  that  it  does  no:  aJter  -.r.-r  ^if  :-.-— ..:i. 
change  its  motion  as  a  whole,  equation    i    r-.  j^:  zrr:  irr.r 

Ijccause.  as  there  are  no  positive  or  r.e*:i::v-i-  ir.:-..—  _ 

overcome  in  such  a  gas,  no  heat  is  Kt'rd'ic  ;:'  c::k, 

hence  A/  equals  zero.    Therefore  the  >r<r::r. :  hvi: 

or  the  heat  required  when  the  temperature  •.:'  ^ 

r.ii-^fi  one  degree,  can  only  supply  that  neefi-.-::  : 

temperature  and  to  do  the  external  \v»rk  C"rr-?>;-  -r.i'-.r.c  '     ..'  y 

resultant  volume  change  with  the  displacemerit  o:  surr.ur.  iir.i; 

media. 

22.  Constant- Volume  Specific  Heat  of  Ideal  Gas  l  .  a  I: 
the  volume  of  an  ideal  gas  is  maintained  con -tan:  v.r.:!v  ::.•• 
temperature  is  raised,  the  pressure  will  increa^e  a- •  «^r^J::-.^  -'^ 
Charles'  law.  As  the  volume  does  not  change,  no  ext»  riia!  w.rV. 
can  be  done  because  no  external  media  are  di>placed.  All  ihc 
heat  supplied  must  then  be  used  for  changing  the  temperature; 


•  -  •  «  ■ 
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I  hat  i-.  UMn>(  AH.  ii,  dc-ignate  the  heal  supplied  with  volume 
iiiaiiiitiinL-fl  con^taiu. 

^<J,  mu>t  equal  A5r. 

If  ^     n-pru^cnt-  the  -jK."cihc  heat  ui  an  ideal  gas  when  heated 
ai  •iii-taiu  Vijlurnc.  ihi-  e<iiJalion  may  he  written 

y,n  =  _^.y  =n'c', -r,  -  r,.) (16) 

tr"ii!  wiiich 

^'  ~  11'.  7',-  7V.) ^^^^ 

W  a«*  luf'irr  --landinf;  Uw  the-  vvc'iv;ht  of  the  gas  and  (Tj  —  T\) 
1m  iiu  tliL-  l<.'TnpLraiurL"  chaivv^u.  A>  .dread >  explained,  the  value 
ol  (  ilui-s  i«l'iaii)Lil  nn\:Iit  he  either  a  rral  constant  or  It  might 
In-  au  awra^t'  «»NLr  ihr  rangt*  Irtmi  T\  to  7^2. 

b  ()l»Ninu-l\  ihi>  >pccific  heat  is  a  True  Specific  Heat  as 
clriMU'iI  nil  pa^f  1 5.  Alxi.  it  js  noi  only  the  heat  required  to 
rai-f  tlur  iiiiipcraturc  of  one  |>ound  one  degree  at  constant 
xoImiR'.  lull  is  likewiM-  the  anu)unt  given  out  when  the  tem- 
])«rauirr  dn»ps  «»iie  degree  under  the  same  conditions. 

c  I'lu*  >ymlK>l  c',  denote>  a  certain  cfuantity  of  heat  energy 
inc.i-invtl  in  British  thermal  units,  hut  as  it  is  sometimes  necV5- 
«>ar\  lo  refer  to  ilie  >ame  (plant ity  of  energy  in  the  mechanical 
[mi  in  it  i>  convenient  to  haw  a  symlxjl  f<.)r  that  purpose.  For 
ilii-  A"  i>  u><.'d.  As  L\  stands  for  a  certain  number  of  thermal 
iinii>.  eat  li  of  which  is  e<|ual  to  77S  foot-pounds  (^see  page  61, 
ii  Inllnws  that  A',  must  numericalK'  he  778  times  as  large  as  G; 
liial   i-. 

e\}'ii  «^s<■■^  tile  relation  hc'iween  tne  constant-volume  specific  heat 
in  heal  units  and  in  units  oi  mechanical  energy. 

d  It  is  now  pertinent  to  iiujuirc  whether  CV  is  a  constant  for 
all  c«)n(liti»nis  of  the  same  ga»^.  That  is,  whether  it  takes  the 
same  ti mount  of  heat  to  raise  the  temperature  of  unit  weight 
one  «legree  at  con>taiit  \i)linne  when  the  gas  is  at  a  high  tem- 
perature and  when  ii  i>  at  a  low  temiKTature;  whether  it  takes 
the  -ame  amount  of  heal  with  the  gas  at  a  low  pressure  but 
'Hcup>  in.:;  a  lari^e  volume  a>  it  does  with  the  gas  at  a  high  pressure 
hut  ••■•'■ui'\  iiiL:  a  >mall  \"olume. 

M\Ti'.ri;in.  lit   and  rea>oning  lead  to  the  belief  that  Cr  may  h 
C'fi.-i'ivnd  i..»ii.-iciiit   for  all  temperatures  and  pressures  in  tb 


J 
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case  of  the  ideal  gas,  that  is,  one  having  only  the  properties 
assigned  to  that  material  in  previous  paragraphs. 

In  the  case  of  real  gases,  experiments  prove  Cv  to  change 
with  variation  *of  temperature  and  pressure;  but  for  ordinary 
gases  through  usual  temperature  ranges  the  variations  are 
negligible.  With  exceptionally  high  temperatures,  such  as 
those  occurring  in  furnaces  and  the  cylinders  of  internal-com- 
bustion engines,  the  increase  in  the  values  of  Cv  is  very  noticeable. 
Therefore  it  is  customary  to  treat  C  as  a  constant  for  real 
gases  except  when  making  accurate  calculations  for  very  high 
temperature  conditions. 

(e)  Since,  as  shown  on  page  ii,  the  intrinsic  heat  energy  of  a 
substance  depends  only  upon  the  content  of  sensible  heat  and 
the  heat  expended  on  internal  work,  it  follows  from  the  fore- 
going that  in  the  case  of  ideal  gases  the  intritisic  heat  energy  depends 
only  on  the  temperature.  It  is  impossible  to  measure  the  total 
intrinsic  heat  energy  of  a  gas  because  it  cannot  be  completely 
removed.  It  is,  however,  possible  to  measure  the  quantities 
concerned  in  changes  of  intrinsic  energy,  and  this  is  what  is 
commonly  done.  Whatever  the  conditions  of  the  change,  if  the 
temperature  of  W  pounds  of  gas  is  altered  from  T^i  to  T^,  the 
Change  of  Intrinsic  Heat  Energy  is 

A(2.  =  WC\  {To-  TO (19) 

23.  Constant-Pressure  Specific  Heat  (Cp).  (a)  If  the  pres- 
sure of  an  ideal  gas  is  maintained  constant  while  the  temperature 
is  raised,  the  volume  will  increase  according  lo  C  harles'  law. 
As  the  volume  changes,  surrounding  media  must  he  moved  under 
the  constant  pressure  they  exert  upon  the  gas,  and  hence  heat  is 
expended  not  only  in  adding  intrinsic  energy,  hut  also  in  doing 
external  work  SEp,     The  amount  of  heat  required  is,  then. 

A(2p=  A5p+  AEp=  lVCp{T,  -  r,),  .     .     .     (20; 

from  which  the  sp)ecific  heat  at  constant  pressure  C'^  is, 

c  =— A^p_  ,21) 

^''    Win-  Ti) '  ^ 

Hare,  as  in  the  preceding  case,  the  specific  heat  ma\'  also  be 
given  in  units  of  mechanical  energy,  in  which  case  the  symbol 
K,  is  used.     Evidently 

77»C,=  K„ (22) 
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(b)  It  was  shown  in  Eq.  (19)  that  the  change  of  intrinsic 
energy  depends  only  on  temperature  change  and  is  independent 
of  pressure  and  volume  conditions.  Hence,  whether  an  ideal 
gas  is  heated  one  degree  at  constant  pressure  or  at  constant 
volume,  the  change  of  sensible  heat  is  exactly  the  same,  and  it 
follows  that  the  constant-pressure  specific  heat  exceeds  the  constant' 
volume  specific  heat  by  just  the  quantity  of  energy  necessary  to 
do  external  work,  SEp.     That  is,  for  any  temperature  variation, 

7*1     to      Tiy 

giving  AQ,  =  A^r  +  AE,, 

A£ 
and  C,=  Cr  +  Ji^r^-^n) ^^"^^ 

(c)  A  simple  expression  may  be  obtained  for  the  external 
work  done  when  a  gas  is  heated  at  constant  pressure.  Imagine, 
for  instance,  that  one  pound  of  gas  with  conditions  l^i.  Pi,  7i,  is 
confined  in  a  cylinder  with  a  movable  piston  of  area  F  square 
feet.  The  length  of  the  portion  of  the  cylinder  lying  between 
the  inside  of  the  head  and  the  face  of  piston  must  be 

Li  =  --,*  feet. 
r 

If  now  the  gas  is  heated  at  constant  pressure  to  7s  the  volume 
will  increase  to  V2  and  the  piston  must  move  out  so  that  the 
disiaiire  from  the  inside  of  the  cylinder  head  to  the  face  of  the 
piston,  becomes 

Li  =  ~  feet. 
r 

Hut  thr  piston  will  have  moved  through  the  distance  L|  —  Z| 
a^ain>t  a  toriv  Pi  ()ounds  per  square  foot;  then  the  work  done  is 

Kxternal  work  =  FPi  (Lj  —  Li) 

=  P,  (FU  -  FLO 
=  PiiVi-  Ki)ft.-lbs.;      ...     (24) 

Ikmk  (  ///('  external  icork  done  when  a  gas  is  heated  at  constant  pm*^, 
surr  is  the  [product  of  that  constant  pressure  and  the  changg 
voliiftir,  ihr  ri'siilt  being  in  foot-pounds.     If  measured  in  thi 
units  It  would  Ik' 

I'-xternal  work  =  A^p  =  ^ B.t.U.a     •     •     { 

770 


C^^C.  +  ^  IZ     '' (26) 
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and  if  this  be  substituted  in  Eq.  (23),  understanding  Vi  and  Vt 
to  stand  for  the  volumes  before  and  after  a  one-degree  change* 
and  remembering  that  the  equation  must  be  written  in  terms  of 
the  volume  of  one  pound  of  gas,  there  results 

P(V2  ~  V») 

778 
Using  the  foot-pound  symbols 

K^^K.  +  P{W2-yi) (27) 

(d)  The  constant-pressure  specific  heat  may  now  be  shown  to 
be  a  constant  for  an  ideal  gas.  It  has  been  seen  that  the  con- 
stant-volume specific  heat  may  be  considered  constant;  then,  if 
P  (Vj  —  Vi)  can  be  shown  to  be  independent  of  temperature  and 
pressure  conditions,  Kp  and  Cp  must  be  constant.  This  amounts 
to  proving  that  AEp  per  degree  is  constant  at  all  temperatures, 
pressures,  and  volumes. 

To  do  this,  imagine  one  pound  of  a  gas  with  conditions  Vi, 

Pi,  Tu  first  heated  one  degree  to  Ti  with  volume  changing  to  V/ 

and  pressure  remaining  constant.     The  external  work  done  will 

be 

External  work  =  Pi  (Vi'-Vi)     ....     (28) 

Then,  if  the  condition  of  the  same  gas  is  changed  to  V2,  P21  ^j, 
which  may  be  any  values  different  from  Vi,  Pi,  T\,  and  if  its 
temperature  is  then  raised  one  degree  to  T2  with  the  volume 
changing  to  V2'  and  the  pressure  remaining  constant,  the  ex- 
ternal work,  as  before,  will  be 

External  work  =  P2  (V2' -  Vj) (29) 

But  by  the  law  of  ideal  gases 

P»Vi  ^  PiV/  ^  P2V2  ^  PiVj'  ^ 

Substituting  from  this  in  Eqs.  (28)  and  (29)  gives 

Work  in  first  case       =  R{Tx'  -  Ti)  =  P, 
Work  in  second  case  =  R{T2  —  T2)  =  P, 

so  that  the  work  is  the  same  in  each  case.  It  follows  that  when 
the  temperature  of  one  pound  of  a  perfect  gas  is  raised  one  degree 
at  constant  pressure,  the  work  done  is  always  the  same  and  is  inde- 
pendent of  the  values  of  P,  V,  and  T;  that  is,  APp  per  degree  is 
constant. 
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More  than  this,  it  appears  that  R^  previously  known  only  as 
the  constant  in  the  law  of  ideal  gases,  is  really  equal  to  the  foot- 
pounds of  external  work  done  when  the  temperature  of  one  pound 
of  gas  is  raised  one  degree  at  constant  pressure.     From  this 

K^  =  K,  +  R, (30) 

and  Cp=C„  +  — g '(30 

24.  The  Ratio  7.  The  ratio  between  the  two  specific  heats 
of  gases  just  considered  is  of  great  importance  and  is  designated 
by  the  letter  7,  thus, 

^  =  7?  =  7, (32) 

from  which  it  is  evident  that  7  must  always  be  a  quantity  greater 
than  unity. 

By  means  of  the  ratio  7  a  form  of  expression,  which  will  be 
very  convenient  later,  can  now  be  developed  from  Eq.  (30). 
Rearranging  the  latter  and  dividing  by  Kvt  there  results 

from  which  K^  ==  — 3-^, (33) 

which  is  the  expression  sought. 

25.  Table  of  Gas  Constants,  (a)  The  Gas  Constants  most 
commonly  used  by  the  engineer  are  given  in  Table  I.  In  it  all 
columns  with  headings  having  the  same  subscript  are  based  upon 
data  of  the  same  character.  Columns  headed  with  the  same 
letter,  as  Bi,  B2,  B3,  contain  values  of  the  same  quantity,  for 
each  gas,  determined  in  different  ways.  In  the  first  column  of 
each  of  the  groups  B,  C,  and  D  is  a  closely  approximate  value 
calculated  from  data  given  in  column  Ai  rounded  off  to  the 
nearest  half-unit.  Column  A2  gives  molecular  weights  based  on 
the  1909  International  Atomic  Weights,  and  all  other  columns 
headed  with  the  subscript  2  contain  values  computed  from  these 
weights.  Columns  headed  with  subscript  3  give  experimentally 
determined  values. 

(b)  The  calculated  columns  for  Density  depend  on  the  Law  of 
Avogadro.  This  law  states  that  equal  volumes  of  all  gases,  at 
the  same  temperature  and  pressure,  contain  an  equal  number  nf 
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molecules.  Hence  the  densities  of  different  gases  must  be  in  the 
same  proportions  as  the  molecular  weights.  The  Weight  per 
Cubic  Foot,  and  Cubic  Feet  per  Pound,  columns  C  and  D,  can 
be  obtained  from  the  density  columns. 

(c)  While  the  specific  heat  Cp  would  be  constant  for  an  ideal 
gas,  it  is  not  constant  for  real  gases.  Experiment  shows  it  to 
vary  with  temperature  and  pressure.  The  values  tabulated  in 
column  Es  are  average  values  for  ordinary  temperature  ranges  at 
atmospheric  pressure. 

The  values  of  7,  however,  which  are  usually  determined  from 
the  velocity  of  sound  in  the  gas,  are  generally  for  some  definite 
temperature.  Therefore  the  numbers  tabulated  in  column  Gs 
are  not  really  on  the  same  temperature  basis  as  those  given  in 

column  E»;  hence,  since  the  most  satisfactory  way  of  obtaining 

C 
values  of  Cv  is  by  using  the  equation  Cp=  — ^,  the  values  given 

y 

in  column  Fs  must  be  in  error  with  respect  to  the  rest  of  the 
data. 

This  is  well  shown  by  the  variation  of  values  for  R  in  column 
Is'  from  those  in  columns  I2  and  1 3.  The  values  in  1 3'  are  ob- 
tained from  the  equation  Kp  —  Kv  =  R,  which  should  give  very 
accurate  results  and  the  numerical  values  show  wide  variations 
from  those  determined  in  other  ways. 

In  general,  it  may  be  said  that  the  amount  by  which  the  experi- 
mental results  vary  from  the  exact  calculated  values  is  a  measure 
of  the  degree  of  imperfection  of  the  gas  under  consideration. 

(d)  For  average  engineering  work  it  will  suffice  to  use  the  ap- 
proximate or  observed  columns,  dropping  all  but  three  significant 
figures;  further  figures  are  given  in  the  table  to  correspond  to  the 
supposed  standard  of  accuracy  of  experimental  determinations. 

(e)  The  method  of  calculating  the  values  in  the  several 
columns  is  as  follows: 

Bi  =  1  X  ^  A  =  l/Ci 

^  D,  =  1/C2 

Bt  =  Observed  £3  =  Observed 

Ci  =  .080725  X  Bi  Fa  =  Ez/Gz 

Ct  =  .080725  X  Bt  Gs  =  Observed 

Ct  «  .080725  XBt  H  =  Theoretical 
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Ii*    Calculated  from  Inter.  Atom.  Wts.  using  Air  as  a  Base.) 

^  12.387  X  14^696  X  144  >^±  ^  p 
4914  =  '273  X9  5;        ^1 
/:     Calculated  from  Specific  Heats.) 

=  77^  ^  p       77^  c  r  =  /v. 

/;"    Calculated  from  Obser\ed  \'olumes.) 

^   Di  X  14-696  X  144  ^  j^ 
4QI.4  =    273X9  5> 

"  \  :':*.•? u^ch  :he  \~x,ie  4c:~  i«  used  in  other  parts  of  this  book  as  the  absolute 
:vi-v;H.'ri.:::nf  correscccdi^z  to  3:"  F..  the  value  used  in  computing  the  quantities 
^: » .■  ■  ::  .vi-,::iir.s  /.  ir.i  /j  is  4QI-4.  because  this  corresponds  to  273®  C,  which  is 
-xvl  :-:  =10*:  eip<rl=:ec:al  determinations. 


CHAPTER   V. 
EXPANSIONS  AND   COMPRESSIONS  OF  GASES. 

26.  Volume  Changes,  (a)  The  law  of  ideal  gases  expressed 
by  Eq.  (13)  shows  that  there  are  three  inter-related  variables  which 
define  the  condition  of  a  gas;  namely,  pressure,  volume,  and  -tem- 
perature. The  fixing  of  any  two  of  these  determines  the  third. 
For  the  study  of  heat  engines  it  is  convenient  to  consider  the 
behavior  of  the  gas  while  the  volume  changes  in  various  ways 
and  to  note  the  accompany- 
ing variations  of  the  other 
two  quantities. 

(b)  Certain  diagrams  are 
useful  in  studying  such 
changes,  the  most  common 
one  being  called  the  pres- 
sure-rolume  diagram  or  PV- 
diagram.  To  construct  this 
diagram  pressures  are  plot-  ^ 
it-d  vertically  and  volumes  | 
horizontally  as  in.  Fig.  6.  | 

.Assume,  for  instance,  that  ^ 
the  volume  and  pressure  of  a 
given  weight  of  a  certain  gas 
are.  Pi.  Vi,  as  plotted  at  .\.  The  volume  of  thi^  gas  may  be  in- 
crea^tl  or  decreased  in  different  ways.  For  example,  volume 
miglit  1^  made  to  increase  or  lo  decrease  while  pressure  is  niain- 
taine<I  constant.  If  the  various  volumes  asisunied  are  j)Iolt(d  at 
constant  pressure  Pi,  the  resulting  jHiinls  must  lie  on  the  line 
.AB  or  on  the  line  .\C  Either  one  line  or  the  other  would  then 
show  graphically  the  relations  of  pressure  and  volume.  The 
temperature  at  any  point  as  Pj  V~.  where  Ps  =  P,  in  this  case, 
could  be  found  by  substitution  in  Eq.  {13)  or  (i.\),  remeniln-ring 
that  if  the  form  involving  R  is  used  V  stands  for  the  volume  of 
one  pound  of  gas. 
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(c)  Volume-changes  with  volume  increasing  are  known  as  ez- 
IMUitiont;  volume-changes  with  volume  decreasing  are  known 
as  comprettiont.  Inspection  of  Fig.  6  shows  that  any  number 
of  (lifTcrrent  kinds  of  expansions  are  possible;  any  line  drawn 
from  A  in  the  field  to  the  right  of  DE  represents  a  possible  ex- 
[lanHion.  Similarly,  any  line  drawn  from  A  in  the  field  to  the 
left  of  Dli  represents  a  possible  compression.  Really,  all  the 
exiMinnionH  commonly  used  lie  in  the  quadrant  between  AB 
and  AH  and  all  the  usual  compressions  between  AD  and 
AC\ 

(d)  Since  there  are  thus  an  infinite  number  of  possible  methods 
of  changing  volume,  it  is  impossible  to  analyze  all  of  them. 
Fortunately,  the  study  of  four  characteristic  methods  of  change 
—  including  the  limiting  case  with  volume  constant  —  suffices 
for  the  elementary  a)nsideration  of  heat  engines.    They  are: 

1.  Volume  changes,  in  which  the  pressure  is  constant;  or, 
othcrwisi'  stateil,  in  which  the  volume  changes  most  rapidly 
with  res|)ect  to  pressure.  These  are  known  as  Isobaric  Changes 
and  art*  n*presenteil  by  the  graph  A B  or  AC,  Fig.  6. 

a.  Pn^ssun*  changes,  in  which  the  volume  is  constant;  or, 
otherwise  statixl,  in  which  the  pressure  changes  most  rapidly 
witK ri^lHvt  to  volume.  These  are  known  as  Isovolnmic  Changes 
and  an*  n^prt^sontixl  by  the  graph  AD  or  AE. 

3.  \*olumo  changes  at  constant  temperature,  known  as  Iso- 
ttiennal  Changes. 

4.  Volume  ohangY^s  known  as  Adiabatic  Changes  (to  be  de- 
fineii  later V 

a7«  Constant-Pressure  or  Isobaric  Changes  of  Gases.  As 
just  o\plauu\i.  the  ^raph  of  such  changes  is  a  horizontal  line  on 
the  r\ -diajiram.  In  Fig,  7  an  is^^baric  expansion  of  gas  with 
initial  vvmliiivms  Px  Vi  would  be  n?presented  by  the  line  AB  and 
a  similar  vvmpn^vM^  by  the  line  .4c\ 


for  Isobaric  Changes. 

va'  h  is  oxiviont  ia>m  an  ins^xviion  of  the  graph  of  such  a 
chan^.  vMT  trv^tn  chc  dctimtiv^x.  that  its  equation  in  P  rcootxlinates 
is 

P  =  Constant (jl) 
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Change  of  Associated  Heat  during  Isobaric  ChangeB  of  Gases. 

(b)  During  these  volume  changes  at  constant  pressure  the 
temperature  must  vary  according  to  Charles'  law;  that  is,  the 
absolute  temperature  must 
vary  directly  as  the  volume. 
But  when  a  unit  weight  of 
gas  has  its  temperature 
raised  or  lowered  one  degree 
at  constant  pressure,  it  ab- 
sorbs, or  gives  out,  a  quan- 
tity of  heat  equal  to  its  con- 
stant-pressure specific  heat, 
C^  Then  for  any  weight  W 
of  gas  changing  volume  from 
Vi  to  Vt  at  constant  pressure 
with  a  corresponding  change 
of  temperature  from  Ti  to 
Tt,  the  change  of  associated 
keat  (in  thermal  units)  is 


t' 


Volumes 
Fig.  7.  —  Constant-Pressure  Ctunges 


^Q=  wc^iTt-  r,). 


■    ■    (35) 

If  the  volume  change  is  an  expansion  the  result  will  be  positive 
because  T^  will  be  greater  than  7"i;  but  if  the  volume  change  is 
a  compression  Tt  will  be  less  than  Ti  and  the  result  will  be 
negative.  Negative  heal  change  must  be  interpreted  as  heat 
given  out  or  liberated,  so  that  the  equation  as  stated  is  true  for 
compressions  as  well  as  expansions. 

Work  during  Isobaric  Changes. 

(c)  It  was  shown  in  Eq.  (24)  that  the  external  work  in  foot- 
pounds done  by  a  gas  when  its  temperature  increases  with  pres- 
sure constant  is  given  by  the  equation 

External  Work  =  778ii-£  = /"(Fj  -  F,)  ft. -lbs.     .     .     (36) 

This  is  the  equation  for  work  done  during  a  constant- pressure 
volume  change.  The  equation  gives  a  positive  result  for  expan- 
sion, and  a  negative  one  for  compression ;  that  is,  a  gas  expand- 
ing at  constant  pressure  decs  uvrk,  and  -inork  must  be  done  to 
compress  a  gas  at  constant  pressure. 
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(d)  Obviously,  the  product  P  •  {Vt—  Vi)  is  represented  in 
Fig.  7,  by  the  crosshatchcd  area  under  the  line  showing  the 
volume  change  from  Vi  to  Vt,  hence  the  area  under  that  Hne, 
expressed  in  foot-pounds,  is  equal  to  the  work  done  during  the 
volume  change.  For  an  e.Kpansion  the  area  is  interpreted  as 
positive,  that  is,  as  the  area  ABGF;  for  a  compression  from 
Pt  V3  to  Pi  Vi,  as  negative,  that  is,  the  area  BAFG.  This  prop- 
erty of  representing  work  by 
area  is  common  to  all  PV- 
diagrams  and  makes  them 
very  useful. 

38.  Constant- Volume  or 
IsoTolumic  Changes  of  Gases. 
(a)  With  volume  constant 
the  pressure  will  increase  as 
the  absolute  temperature  in- 
creases, and  decrease  as  that 
temperature  decreases.  The 
graph  of  such  changes  plotted 
to  PV  coordinates  is  a  verti- 
cal line  like  ED  in  Fig.  8. 
There  being  no  volume  change,  there  can  be  no  expansion  or 
compression.  A  line  drawn  vertically  upward,  as  AD,  means 
pressure  increase,  and  a  line  drawn  vertically  downward  means 
pres.>iure  decrease. 


0 

E 

Fig.  8 


—  Constant- Volume  Changes 


Equation  for  Isovolumic  Changes. 

(b)  The  equation  of  constant-volume  changes  in  terms  of  P 
and  V  must  be 

V  =  Constant (37) 


Changes  of  Associated  Heat  during  Isovolumics  of  Gases^  - 

(c)  To  increase  the  temperature  of  one  pound  of  gas  ooe 
de},'rrc  at  constant  volume  requires  a  heat  addition  equal  to 
C,  thermal  units,  and  to  decrease  the  temperature  one  degree  an 
amount  of  heat  equal  to  C^  must  be  withdrawn.  Then  if  the 
pre-isure  of  11'  jiounds  of  gas  changes  from  Pi  to  Pt  at  constant  , 
volume,  while  the  temperature  varies  according  to  Charles'  laW' 
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from  7*1  to  Tt,  the  change  of  associated  heat]  (in  thermal  units) 

AQ=WCAT2~Ti) (38) 

For  a  pressure' increase  Charles'  law  shows  that  T2  must  be 
greater  than  Ti  and  the  result  will  be  positive.  For  a  pressure 
decrease,  Ti  will  be  less  than  Ti  and  the  result  will  be  negative; 
that  is,  heat  must  be  supplied  to  cause  increase  of  pressure  at 
constant  volume,  and  must  be  abstracted  to  cause  decrease  of 
pressure  at  constant  volume. 


Work  during  Isovolumic  Changes. 

(d)  Since  there  is  no  change  in  volume,  —  that  is,  no  displac- 
ing of  surrounding  media,  —  there  can  be  no  external  work 
done.     Then  for  this  case,  in  foot-pounds, 

External  Work  =  778  AE  =  0.    .    .     .     (39) 

In  the  figure  given  there  is  no  area  under  the  line  represent- 
ing the  change,  and  therefore,  since  area  on  the  pressure-volume 
diagram  represents  work,  it  follows  that  the  work  equals  zero. 


29.  Constant-Temperature  or  Isothermal  Changes  of  Gases. 
l.a)  If  the  temperature  of  a  gas  is  maintained  constant,  while  its 
pressure  and  volume  change, 
Boyle's  law  applies  and  gives 
the  relation  between  these 
two  variables  as 

PV  =  Constant. 

If,  starting  with  Pi  Ki  in 
Fig.    9,   different   values   be 
substituted    for    V    in    this 
equation    and    the    resulting  . 
pressures  are  computed  and  a  - 
plotted    against    these    vol-  I 
umes,    the    graph    obtained 
will  be  CB.  which  is  a  rec-         voium«, 

tangular  hyperbola.    The  line    f^s.  9- -  I«.therm.^Changcs  for  Ideal 
from  A   to  B  shows  an  iso- 
thermal expansion  from  P\  Vi  and  the  line  from  .fl  to  C  repre- 
sents an  isothermal  compression  from  the  same  point. 


c 
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Equation  for  Isothermal  Changes  of  Gases. 

(b)  The  equation  of  these  changes,  in  terms  of  pressure  and 
volume,  must  be  that  just  given, 

P  7=  Constant (40) 

Work  during  Isothermal  Changes  of  Gases. 

(c)  Since  there  is  a  change  of  volume  during  isothermal 
changes,  external  work  must  be  done.  If  in  Fig*  9  the  two  closely 
spaced  vertical  lines  represent  a  volume  change  8  V,  from  Vi'  to 
V2',  so  small  that  the  pressure  may  be  assumed  constant  while  it 
is  taking  place,  the  external  work  in  foot-pounds  during  that  small 
change  must  be 

778  8E  =  P(72'  -  Fi')=  P[(7i'  +  8V)-  7/]  =  P8V 

and  for  a  finite  change  of  any  size,  from  Vi  to  V2 


778  AE 


PdV. (41) 


To  integrate  this  expression,  it  is  necessary  to  substitute  for 
P  in  terms  of  V.  Assuming  P  and  V  as  the  values  for  any  point 
on  the  curve  and  Pi  and  Vi  as  the  values  with  which  the  expan- 
sion starts, 

p^Vi  =  PV 
from  which 

V 
Substituting  this  value  in  the  expression  (41)  gives 

=  Pi7i(log.72-log.70 

=  PiFi  log/^  ft.-lbs.    .....     (42) 

If  the  ratio  of  volumes  (Tz/  Vi)  in  the  last  expression,  known  as 
the  ratio  of  expansion  or  of  compression,  is  designated  by  the 

*  It  is  usually  more  convenient  to  use  logio  instead  of  loge.  Since  loge  ■> 
2.302  logic,  Eq.  (42)  may  be  written  =  PiFi  X  2.302  logic  tt  *  The  other  logaritb- 
mic  equations  which  are  to  follow  may  be  similarly  transfonned. 
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letter  r,  the  equation  for  work  done  by  any  weight  of  gas  may  be 
written 

778  AE  =  Pi  Vi  loge  r  ft.-lbs.      .     .     (43a) 

For  unit  weight  778  A£  =  RTi  log.  r  ft.-lbs.  .     .     .     (43b) 

If  the  expansion  is  negative,  that  is,  if  there  is  compression, 
the  work  done  by  the  gas  must  be  negative;  thus  work  must  be 
done  upon  it  to  decrease  its  volume. 

It  should  be  noted  that  /     PdV  is  the  general  expression  for 

the  area  under  a  curve  drawn  to  P  F  coordinates  and  hence  in 
Fig.  9  the  crosshatched  area  on  the  diagram  is  a  measure  of 
work  done. 

Change   of   Associated   Heat  during  Isothermal   Changes   of 

Gases. 

(d)  In  order  that  a  gas  may  expand  and  do  work,  an  amount 
of  energy  equivalent  to  the  work  done  must  be  supplied  from 
some  internal  or  external  source.  The  only  heat  energy  asso- 
ciated with  an  ideal  gas*  is  that  associated  with  it  as  sensible 
heat,  and  that  stored  in  surrounding  media  as  a  result  of  previous 
expansion  to  the  present  volume. 

In  isothermal  expansion  temperature  is  constant  by  definition, 
and  since  under  this  condition  the  internal  energy  of  an  ideal 
gas  is  constant,  it  follows  that  there  can  be  no  change  in  the 
store  of  sensible  heat  of  the  expanding  gas,  and  therefore  that 
this  store  cannot  be  the  source  of  energy  for  the  doing  of  work. 

In  any  expansion  the  energy  stored  in  external  media  is  in- 
creased, and  therefore  this  store  cannot  be  a  source  of  energy  to 
do  work,  during  the  expansion. 

Hence  a  gas  doing  work  can  expand  isothermally  only  if  it 
receives  from  an  external  source  an  amount  of  energy  equal  to  the 
work  done,  and  this  energy  can  only  be  received  as  heat.  It 
follows,  then,  that  an  ideal  gas  expanding  isothermally  and  doing 
work  receives  from  surrounding  media  during  the  expansion  a 
quantity  of  heat  equal  to  the  external  work  done,  hence,  from  Ecj. 
(43a),  for  any  weight  of  gas, 

^g=^£=ZlZli2&_^B.t.u.      .     .     (44a) 

•  It  is  assumed  that  no  chemical  change  occurs  nor  any  change  of  motion 
of  tbe  gas  as  a  whole. 
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And  for  unit  weight, 

AO=^f-^B.t.u (44b) 

Thus  during  isothermal  expansion  there  is  no  change  of  heat  in 
the  gas  itself;  the  gas  merely  serves  as  a  conveyor  of  the  added 
heat  AQ;  and  this  heat  may  be  considered  as  external  work  A£, 
in  the  solution  of  problems.  Hence,  during  isothermal  expansion 
in  a  piston  engine  the  work  delivered  through  the  piston  rod 
is  equal  to  this  AQ, 

(e)  If  a  gas  is  forced  to  expand,  and  to  do  external  work,  with- 
out a  supply  of  heat  energy  from  some  external  source,  it  derives 
the  necessary  quantity  from  its  own  internal  store  of  sensible 
heat;  but  this  is  accompanied  by  a  temperature  drop  and  the 
expansion  cannot  be  isothermal. 

Isothermal  compression  is  the  reverse  of  isothermal  expansion 
and  the  work  done  on  the  gas  appears  as  heat,  which  must  be 
removed  as  fast  as  it  is  generated ;  otherwise  the  gas  will  absorb 
this  energy  as  sensible  heat,  with  rise  in  temperature,  and  the 
operation  cannot  then  be  isothermal. 

It  may  seem  at  first  sight  as  if  isothermal  expansion  of  a  per- 
fect gas  furnished  an  exception  to  the  second  law  of  thermo- 
dynamics. It  is  certainly  true  that  all  the  heat  energy  supplied 
to  the  gas  under  such  conditions  is  completely  converted  into 
mechanical  energy,  but  it  is  equally  true  that  this  process  cannot 
continue  indefinitely.  That  is,  such  a  transformation  cannot 
go  on  continuously,  and  must  stop  in  general  when  the  pressure 
of  the  expanding  material  has  reached  that  of  the  surrounding 
media.  y 

30.  Adiabatic  Volume  Changes  of  Gases,  (a)  During  adia- 
batic  expansion  or  compression  no  energy,  in  the  form  of  heat, 

supplied  to,  or  withdrawn  from,  the  expanding  gas,  as  would  be 
the  case  if  the  walls  of  the  vessel  surrounding  the  gas  were  of 
material  which  is  perfectly  nonconducting  as  regards  heat. 
Therefore  all  heat  that  is  transformed  into  external  work  by 
such  expansion  must  come  from  the  sensible  heat  store  of  the 
working  gas,  and  all  work  that  is  transformed  into  heat  by  such 
compression  goes  to  increase  the  store  of  sensible  heat  of  the  gas. 

More  briefly  —  the  external  work  done  by  the  adiabatic  ex- 
pansion of  a  gas  has  its  energy  source  in  the  sensible  heat  of  the 
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This  can  be  simplified  by  performing  the  multiplication  indi- 
cated in  the  numerator,  then  substituting  from  the  relation 

and  cancelling,  thus  obtaining  for  any  weight  of  gas, 

778  A£  =  ^'^;  ~  y'  ft..lbs (47a) 

and  for  one  pound  of  gas, 

778  A£  =  -  ^^^-^P  ft.-lbs (47b) 

These  equations  cannot  be  used  numerically,  however,  until 
the  value  of  n  is  known.     This  will  now  be  determined. 

(e)  Since  the  sensible  heat  lost  by  a  gas  when  expanding 
adiabatically  and  doing  external  work  must  equal  the  work 
done,  and  since,  in  any  case,  the  sensible  heat  energy  lost  per 
pound  of  a  gas  which  is  changing  temperature  in  any  way  from 
Ti  to  a  lower  value  r2,  must  equal  K„  {Ti  —  T2)  ft.-lbs., — it 
follows  that 

K,{T,-T,)^      („-l) 
and  substituting  for  Kv  its  value  from  Elq.  (33) 

(7  -  1)'  (n  -  1) 

from  which  it  follows  that 

n  =y (48) 

Th('n  the  equation  of  an  adiabatic  change  is,  as  was  mentioned 
in  connection  with  Eq.  (45), 

PV^  =  Constant (49) 

(f)  The  work  done  is,  from  Elq.  (47a),  for  any  wei^  of  gas, 

778  AR  =  ^'^^-2  j^'-'    (ft.-lbs.)    ...     (sot)    ' 

'  .4 
and  for  one  pound  is,  from  Eq.  (47b),  -j 

T^SAE  =  ^^^-^   (ft.-Ib8.)     .     .     .     (Sdjj' 
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Temperature  Change  of  Gas  during  Adiabatics. 

(g)  Since  during  an  adiabatic  process  the  stock  of  sensible 
heat,  and  hence  also  the  temperature,  is  constantly  changing,  — 
dropping  during  an  expansion  and  rising  during  a  compression,  — 
it  is  necessary  to  find  some  means  of  determining  the  extent  of 
this  temperature  variation.  If  a  gas  changes  adiabatically  from 
PiVi  to  PtVt,  Eq.  (49)  gives 

PiVi^^PtVt^;    or     ^^=1     ....     (a) 
and  the  law  of  ideal  gases  gives 

ilKi^M*  .    or       ^^  =  ^.      .     .     .     (b) 
r,  T,     '  PtVt      Tt 

If  the  last  forms  of  expressions  (a)  and  (b)  be  multiplied  to- 
gether, there  results 

r,    /r,y-»      ^-»  ,   , 

T^'[v^)    ='     (51) 

Vt 
and  substitution  for  rry  from  the  first  form  of  (a)  gives 

r  1 

(52) 
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Either  Elq.  (51)  or  (52)  can  be  used  for  finding  the  tempera- 
ture resulting  from  an  adiabatic  change  if  the  initial  temperature 
is  known. 

31.  General  Expression  for  Volume  Changes,  (a)  All  the 
common  volume  changes  of  gases  can  be  represented  with  neces- 
sar>'  accuracy  by  the  general  form  of  expression, 

PV  =  Constant. 

It  is  of  course  assumed  that  n  will  have  a  special  numerical 
value  for  each  different  type  of  change.  The  truth  of  this 
proposition  for  the  changes  so  far  developed  can  be  seen  by 
writing  the  equations  in  the  following  fashion: 

For  pressure  const.,  P  =  Const,  may  be  written  PV^  =  Const. 
For  volume  const.,  V  =  Const,  may  be  written  PFoc  =  Const. 
For  isothermal,  .  PV  =  Const,  may  be  written  PV^  =  Const. 
For  adiabatic,     .  PV^  =  Const,  is       ....     PV^  =  Const. 
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(b)  A  comparison  of  the  expansion  curves  (Fig.  lo)  will  show 
that  as  the  graph  of  the  different  expansions  considered  swings 
down    through    the    quadrant 


\ 

» 

1 

^. 

~-^ 

..        B 

V 

"°  i 

f 

. 

M 

^ 

^ 

I 

r- 

^o""' 

?- 

Volumea 

Fig,  lo.^ — ^  Showing  Effect  of  Value  of 
Equation  Py  =  Const. 


BAB.  the  exponent  i 
in  size.  The  facts  that  any 
equation  with  »  <  1  >  o  g^es 
a  graph  less  steep  than  ike 
isothermal  and  that  any  equa- 
tion with  « >  1  <  oo  gives  one 
sleeper  than  the  isothermal  are 
very  useful  and  should  be 
memorized.  The  idea  of 
steepness  in  this  statement  is 
important,  as  in  general  one 
curve  cannot  be  said  to  lie 
above  or  below  another.  For 
example,  if  the  curves  in  Fig. 
10  are  continued  as  compres- 
sions, to  the  left  from  the  point  A ,  their  relations  as  to  vertical 
position  are  reversed. 

32.  Construction  of  Lines  Representing  Volume  Changes. 
(a)  In  dealing  with  heat  engines  it  is  frequently  necessary  to 
construct  the  lines  representing  graphically  the  changes  already 
discussed  and  others  of  similar  character.  This  can  always  be 
done  by  substituting  assumed  volumes  or  assumed  pressures  in 
the  equation  for  the  type  under  consideration,  solving  for  the 
other  quantity  and  plotting  the  resulting  points.  The  curve 
joining  these  points  is  the  graph  sought.  An  exponential  form 
of  equation  involves  the  use  of  logarithms  and  in  some  cases  the 
calculations  become  a  little  more  troublesome. 

It  is  therefore  convenient  to  know  graphical  methods  of  de- 
termining directly  the  curves  representing  the  various  changes. 

Graphical  Construction  of  Curve    PV  =  Constant. 

(b)  In  Fig.  II,  with  coordinates  P  and  V  as  before,  let  it  be 
desired  to  draw  an  equilateral  hyperlwla  through  point  A.  For 
doing  this  two  methods  will  be  given.  First  Method:  —  Draw 
through  the  point  A  horizontal  and  vertical  lines  ppi  and  fifi'; 
next,  from  the  origin  O  draw  any  number  of  rays  (such  as  Oi) 
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to  intersect  these  lines  (as  at  a  and  b) ;  then  horizontal  and  ver- 
tical lines  drawn  through  these  points  of  intersection  will  meet 
at  points  (such  as  B)  on  the  desired  curve.  For  expansion  from 
point  i4,  the  raj^  fall  below  A ;  for  compression,  they  fall  above. 
Second  Method:  —  Through  A,  Fig.  12,  draw  any  number  of 


o  V 

Figs.  II  and  12. —  Construction  of  Curve 


PF  = 


6,  Ci 

Constant  on  PV-Chart. 


lines,  as  bbu  ccu  etc.;  make  biB  =  Ab,  C\C  =  Ac  and  so  on; 
then  the  points  A,  B,  C,  etc.,  will  be  on  the  desired  curve. 

Construction  of  Curve    PV"  =  Const,  by  Using  Logarithmic 

Cross-Section  Paper. 

(c)  The  equation  PK"  =  X  =  const.,  if  solved  by  logarithms, 
takes  the  form  log  P  =  —  n  log  V  +  log  K.  Then  letting  y  = 
log  P,  X  =  log  F,  and  k  =  log  K,  the  last  equation  may  be  re- 
written y  =  —  nx  +  k.  This  is  the  equation  of  a  straight  line 
with  negative  slope  n  and  ^'-intercept  k.  It  is  shown  in  Fig.  13 
by  KS,  drawn  to  the  ordinary  uniform  scales  Ox  and  Oy-  The 
abscissa  of  any  px^int  A  on  KS,  measured  on  the  scale  Oxj  gives 
the  logarithm  of  the  value  of  V  represented;  its  ordinate  on 
sc^le  Or  is  the  logarithm  of  the  value  of  P. 

If  now  new  scales  Lp  and  Lp  are  constructed  in  such  a  manner 
that  the  lengths  1-2  and  1-3,  etc.,  represent  the  logarithms  of  2, 
3,  etc.,  — as  is  done  on  the  scale  of  the  slide  rule,  —  then  these 
logarithmic  scales  may  be  used  for  reading  directly  the  numerical 
values  of  P  and  V  corresponding  to  points  on  KS.  To  the 
scale  Lp,  the  >'-intercept  of  this  line  is  the  constant  A',  and  to 
the  uniform  scale  the  slope  is  n.     Since  the  values  of  P  and   V 


BEAT-POWER  ESGIXEEJUXG 

z*  mad  dinvtly  on  the  logarithmic  scales,  the  unifonn 
>  A»  Dwii  UAUlly  given  on  charts  <^  this  character. 

Any  straight  line  can  be  lo- 
cated on  the  Ic^arithmic  chart 
if    the   PV  \-alues   for  two 
points  are  knon'n;  or  if  one 
point    and    the   slope   »   are 
gi\-en:  but  in  the  latter  case 
it  must  be  remembered  that 
the  slope  is  laid  off  usii^  the 
uniform  scale.    For  one  of  the 
points  it  is  sometimes  conven- 
ient to  use  the  ^intercept,  K. 
'      After    the    line    has    been 
■  drawn  the  amultaneous  values 
of  P  and  V  may  be  read,  and 
these   may   then   be   used  in 
•  /T  curve  on  ordinar>"  cross-section  paper. 
II  l-"i({.  1,1  is  arranged  for  numbers  between  I  and  10, 
1-  umt\  for  numbers  between  .i  and  I,  between  lo 

iiiiil   i(Mx>,  and 
urirly    changing   ' 


^ 


l-iwrllhinic  Chart. 


...«  .So 


iiilcr 


ranfte    of 
CDiisklcra- 


\    1 

«■       8-    Q' 

" 

^0 

K' 
T' 

T 

k_ 

.  M  Ihtiti  I  l»  KX))  a 
>. .  hkilKMiil  "  cciin)K)Sod  of 
. .  >l      .mill. II      iD^iirilhrnic 

.i\    III'   iiM-<l.     Thus 

I  ,.       I  I,    Id    .-aril    of    the 

,.,  ,  iMiil.iiii  Mich  a  chart 

ii  I    ilir   iirir  snrr(iim<k-d 

I..  It  V   liiii".  ((irn^iMind  to 

I  )   mill  A'-V  rciinwiucfd. 

Ill,     Ikhci    liiT   i)[   charts 

>-iiliii<ili'»  >ii<-  for  miinherK  from  .i  to  i,  in  the  middle  tier 
,    iw  liiiiii  I   l<'  >t>,  -iixl  in  tho  upper  from  lo  to  too.     The 

I  ...,ifl  liii  iIh'  vcrlical  columns  progress,  from  left  to  right,  by 

>|.||i«iil  Ictialsn. 
I  |ii>rtrillnairs  of  a  point  anywhere  on  the  checkerboard  can 
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be  read  directly  on  the  proper  scales.  For  example,  point  B 
has  coordinates  P=  25  and  F=  .35;  for  point  C  the  value  of 
P  is  .14  and  V  is  13.     ' 

As  all  the  squares  are  cross-ruled  the  same,  and  differ  only  as 
to  scales  (and  that  by  multiples  of  10),  it  is  evident  that  if  S'T' 
is  drawn  in  the  central  chart  in  a  position  similar  to  that  of 
ST  in  the  square  below,  it  can  be  used  in  place  of  the  latter  line 
provided  points  on  it  are  read  to  a  scale  xV  that  used  for  KS, 
Similarly,  VU\  K'Q,  and  Q!'M'  may  be  drawn  to  correspond 
to  TU^  KQf  and  QM  respectively,  and  may  be  used  instead  of 
them  with  proper  change  in  scale.  Thus  a  single  logarithmic 
chart  may  be  used  in  place  of  the  checkerboard.  Obviously, 
when  the  curve  crosses  a  horizontal  boundary  line  the  scale  of 
ordinates  changes;  and  when  it  crosses  a  vertical  boundary  the 
scale  of  abscissas  changes. 

If  «  =  I,  as  in  the  case  of  the  equilateral  hyperbola,  the  slope 
of  the  line  is  —  45°.  If  the  exponent  is  greater  than  i ,  the  slope 
is  steeper,  and  vice  versa. 
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CHAPTER  VI. 

REVERSIBILITY.* 

33.  Definition,  (a)  Processes,  or  series  of  changes,  which 
may  be  made  to  occur  with  materials  and  their  associated 
energies  are  broadly  divided  into  two  kinds: 

1.  Irreversible  processes,  and 

2.  Reversible  processes. 

An  Irreversible  Process  is  one  which  affects  the  participating 
materials  and  energies  in  such  a  way  that  after  its  total  or 
partial  completion  it  would  be  impossible  to  return  those  mate- 
rials and  energies  to  initial  conditions,  without  leaving  changes 
in  other  materials  and  their  associated  energies.  All  the  actual 
processes  with  which  the  engineer  has  to  deal  are  of  this  character. 
It  is,  however,  possible  to  imagine  some  of  these  processes  as 
taking  place  under  ideal  conditions  in  such  a  way  that  after  their 
completion  everything  can  be  again  returned  to  starting  condi- 
tions without  leaving  changes  in  anything,  even  though  it  be 
entirely  extraneous  to  the  system  under  investigation.  Such 
ideal  changes  are  called  Reversible  Processes. 

^b)  A  good  mechanical  example  of  a  reversil)le  change  is 
furnished  by  a  pendulum  swinging  on  a  frictionless  support  and 
in  a  perfect  vacuum.  Each  cycle  of  the  pendulum  is  accom- 
panied by  a  change  of  kinetic  to  potential  energy,  and  then  a 
reversal  of  this  process  so  as  to  bring  everything  concernc^i  to 
exactly  the  conditions  pertaining  at  the  start.  This,  then,  is  a 
pnxress  which  may  be  said  to  be  by  nature  reversible. 

A  real  j)endulum  can  never  reproduce  this  ideal  process  exactly, 
IxHrause  of  friction  at  the  support  and  more  or  less  friction  in 
the  enveloping  medium.  These  resistances  change  some  of  the 
kinetic  energ>'  of  the  pendulum  into  heat  which  in  the  usual 
case  leaves  the  system  by  radiation.  Thus,  the  end  of  each 
cycle  finds  the  pendulum  system  poorer  in  energy  l)y  the  amount 

•  The  study  of  this  chapter  may  be  deferred  until  Section  49  (h)  is  reached. 
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of  heat  which  has  been  lost;  and  surrounding. materials  must  of 
course  have  gained  a  corresponding  amount  of  energy.  The  real 
process  does  not  therefore  fulfill  the  requirements  of  a  reversible 
process.* 

(c)  It  will  be  observed  from  the  preceding  paragraph  that  the 
ideally  reversible  process  becomes  imperfectly  reversible  as  soon 
as  losses  are  assumed  to  occur.  Although  the  process  could  never 
be  performed  in  reality  without  such  losses,  this  does  not  in- 
validate the  determination  of  the  laws  of  the  ideal  pendulum,  — 
laws  which  are  very  valuable  for  investigations  of  a  certain  type. 
Since  a  reduction  of  losses  in  a  real  process  of  this  character  will 
cause  the  process  to  approach  the  ideal  reversible  one  more 
closely,  it  is  evident  that  the  reversible,  process  and  the  laws 
derived  for  it  may  be  regarded  as  the  ideal  limiting  case  of 
the  real  process  and  of  the  laws  governing  it.  This  applies  to 
processes  of  a  certain  character  only. 

(d)  There  are  many  other  processes  of  such  character  that 
no  assumptions  of  ideal  mechanisms  and  no  reasonable  assump- 
tions as  to  the  elimination  of  losses  can  reduce  them  to  limiting 
reversible  processes,  as  was  done  in  the  case  of  the  pendulum. 
Such  processes  are  the  irreversible  ones,  examples  of  which  will 
be  given  later. 

(e)  In  the  investigation  of  certain  thermodynamic  trans- 
formations accompanying  pressure,  volume,  and  temperature 
changes,  it  is  often  possible  and  desirable  to  assume  all  losses 
absent  so  that  the  process  may  be  considered  reversible.  The 
assumptions  as  to  the  elimination  of  loss  must  be  reasonable  ones, 
however,  —  those  not  involving  changes  in  the  intrinsic  character 
of  the  process.  Thus  it  is  permissible  to  assume  that  there  is 
an  absence  of  friction,  and  that  one  may  use  a  material  which 
does  not  conduct  heat,  as  was  done  in  previous  chapters;  but. an 
assumption  that  there  is  no  internal  heat  energy  lost  when  a  gas 
does  work  by  expanding  adiabatically  behind  a  piston  would 
have  been  unreasonable,  as  it  would  have  been  absolutely  con- 
trary to  the  intrinsic  character  of  the  process. 

•  The  process  might  still  be  considered  reversible  if  there  was  any  way  of  gather- 
ing up  the  energy  lost  as  heat,  converting  all  of  it  into  mechanical  form,  and  return- 
ing this  to  the  pendulum.  But,  even  assuming  that  the  heat  could  all  be  caught, 
the  second  law  of  thermodynamics  states  that  it  cannot  all  be  again  converted 
into  the  mechanical  form,  and  the  statement  made  above  must  therefore  be  correct 
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The  study  of  an  ideal  reversible  process  in  lieu  of  a  real  im- 
perfectly reversible  one  greatly  simplifies  problems  and  makes 
possible  the  development  of  laws  which  would  otherwise  be 
obtainable  only  with  great  difficulty. 

(f)  For  thermodynamic  purposes  a  reversible  process  may  be 
defined  as  follows: 

A  thermodynamically  reversible  process  is  one  involving  heat 
and  mechanical  energy  transformations  which  are  of  such 
character  that,  after  completion,  they  can  be  carried  through  in 
the  opposite  sense,  without  resulting  in  any  changes  in  anything 
extraneous  to  the  system  under  consideration. 

The  practical  application  of  this  simple  definition  is  often 
confusing.  There  are  certain  processes  which  are  obviously 
reversible  in  this  sense  and  certain  others  which  are  as  obviously 
irreversible;  but  there  are  also  many  about  which  a  decision  is 
difficult.  A  few  reversible  and  irreversible  thermodynamic 
processes  are  given  in  the  succeeding  sections. 

34.  Some  Reversible  Processes,  (a)  A  good  example  of  an 
ideal  thermodynamically  reversible  process  is  as  follows:  Imagine 
a  perfect  gas  inclosed  in  a  cylinder  made  of  material  that  will 
neither  absorb  nor  conduct  heat  and  let  it  be  fitted  with  a  friction- 
less  piston  of  the  same  material.  If  the  gas  expands  it  must 
do  so  adiabatically,  since  the  heat  insulation  is  assumed  to  be 
perfect.  The  temperature  will  drop,  the  volume  will  increase,  and 
work  will  be  done  in  driving  the  piston  outward  against  what- 
ever resistance  is  offered  — for  instance,  the  raising  of  a  weight. 

If,  after  the  piston  has  reached  a  certain  point,  the  work  which 
has  been  done  by  the  gas  is  returned  to  drive  the  piston  back  to 
its  original  position  —  for  instance,  by  the  dropping  of  the  lifted 
weight,  —  the  gas  will  be  compressed  adiabatically  to  its  original 
condition  and,  in  the  ideal  case,  nothing  in  the  universe  need  have 
been  changed  by  the  process. 

Such  a  process  is  thermodynamically  reversible.  It  is  evi- 
dently ideal  and  can  only  be  approximated  in  real  cases,  for  every 
material  known  absorbs  and  conducts  heat,  and  no  piston  can  be 
frictionless.* 

*  It  is  really  necessary  to  further  stipulate  that  the  expansion  and  compression 
of  the  gas  in  this  process  take  place  at  infinitely  slow  rates,  to  make  it  perfectly 
reversible  in  theory.  This  is  necessar>'  in  order  to  exclude  any  degree  of  what  is 
termed  **  free  expansion/'  an  irreversible  phenomenon  which  will  be  treated  in  a 
later  paragraph. 
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(b)  Again,  imagine  a  body  which  is  at  a  certain  temperature, 
and  is  so  arranged  that  the  withdrawal  of  heat  from  it  does  not 
change  its  temperature.  The  steam  in  a  boiler  is  a  body  of 
material  approximating  this  conception.  If  a  confined  body  of 
gas  is  kept  in  contact  with  this  source  of  heat,  or  hot  body, — 
as  in  a  steam-jacketed  cylinder  made  of  perfectly  conducting 
material, —  and  if  it  is  allowed  to  expand  and  do  external  work, 
such  as  driving  out  a  piston  against  resistance,  the  expansion 
must  be  isothermal.  During  the  process  heat  will  be  drawn  from 
the  hot  body  and  appear  as  mechanical  energy  to  do  external 
work.  This  work  may  be  returned  by  compressing  the  gas 
isothermally  and  restoring  the  resulting  heat  to  its  original 
source.  The  ideal  process  is  thermodynamically  reversible,  but 
practically  some  heat  must  have  been  radiated  and  some  lost 
as  friction,  so  that  the  reversibility  is,  as  before,  ideal  only. 

(c)  A  reconsideration  of  the  simple  ideal  expansions  discussed 
in  Chapter  V  will  now  show  that  all  of  these  may  be  made 
reversible  processes. 

35.  Some  Irreversible  Processes,  (a)  One  of  the  best  ex- 
amples of  an  intrinsically  irreviersible  process  is  furnished  by 
the  passage  of  heat  from  one  body  to  another  which  is  at  a  lower 
temperature.  Consider  two  bodies  at  different  temperatures 
brought  into  contact  and  thermally  isolated  from  the  rest  of 
the  universe.  Experience  shows  that  the  colder  body  will  receive 
heat  from  that  having  the  higher  temperature,  and  that  this  proc- 
ess will  continue  until  the  two  temperatures  become  the  same; 
also  it  shows  that  certain  physical  changes  will  accompany  this 
passage  of  heat.  Thus  there  may  be  a  change  of  state,  as" 
would  be  the  case,  for  instance,  if  the  colder  body  is  ice  at 
the  melting  point;  or  again,  there  may  be  simply  changes  in 
volume  accompanying  the  doing  of  external  work. 

No  matter  what  the  conditions,  no  method  has  yet  been 
devised  to  reverse  this  process  thermodynamically;  that  is,  to 
make  heat  flow  from  the  previously  cool  body  to  the  other  so 
as  to  leave  them  at  different  temperatures,  return  them  to  the 
initial  physical  conditions,  and  leave  no  change  in  anything 
else.     The  process  is  then  irreversible  by  definition. 

(b)  Another  example  of  an  intrinsically  irreversible  process  is 
the  free  expansion  of  a  perfect  gas  similar  to  that  which  occurs 
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in  J<mle*s  ezperiment.*  Imagine  two  vessels  of  equal  size 
joined  by  a  pipe  containing  a  valve,  all  made  of  non-heat-con- 
ducting material.  Imagine  further  that  one  vessel  contains  a 
quantity  of  perfect  gas  at  some  given  pressure  and  temperature 
and  that  the  other  vessel  is  absolutely  empty.  If  the  valve  in 
the  connecting  pipe  is  opened,  the  gas  will  rush  from  the  high- 
pressure  vessel  into  the  other  one  and  ultimately  both  will 
contain  the  same  quantity  of  gas  at  the  same  pressure  and 
temperature.  To  make  this  possible,  the  gas  originally  contained 
in  one  vessel  must  have  expanded  until  its  volume  became  suffi- 
cient to  fill  the  two.  Since  the  volume  occupied  by  the  gas  is 
now  greater  than  before,  the  pressure  must  be  lower  unless  the 
temperature  has  risen,  and  it  will  be  found  that  this  has  not 
occurred.  Further,  since  the  vessels  and  connecting  pipe  are 
nonconducting,  and  since  the  system  is  so  arranged  that  no 
disturbance  of  surrounding  media  can  be  caused,  it  follows  that 
there  can  have  been  no  loss  of  heat  energy  by  the  gas. 

The  heat  energy  associated  with  the  system  must  therefore  be 
the  same  before  and  after  the  change.  Since,  however,  as  was 
shown  in  connection  with  the  specific  heat  of  gases,  the  intrinsic 
heat  energ>'^  of  a  perfect  gas  is  always  the  same  at  the  same 
temperature,  it  follows  that  the  temperature  of  the  gas  must  be 
the  same  luhen  filling  two  vessels  as  when  filling  one. 

To  make  this  process  reversible,  it  must  be  possible  to  com- 
press the  gas  again  into  one  vessel,  keep  the  temperature  the 
same,  and  have  no  change  in  anything  outside  the  system  of  two 
vessels  and  contained  gas.  This  is  impossible,  as  work  would 
have  to  be  done  upon  the  gas  to  compress  it,  and  there  would 
then  either  be  a  rise  in  temperature  or  the  heat  of  compression 
would  have  to  be  absorbed  by  some  body  outside  the  system. 
This  heat,  though  equal  to  the  work  of  compression,  could  not 
be  returned  to  the  engine,  or  device  doing  that  work,  as  an 
equivalent  of  the  work  done.  This  is  so  because  (according  to 
the  Second  Law  of  Thermodynamics)  no  engine  could  deliver 
in  mechanical  form  all  the  heat  supplied  it. 

Obviously  the  process  is  intrinsically  irreversible  because  it  is 
imf^ossible  to  imagine  its  thermodynamic  reversal  even  with 
ideal  mechanism. 

•  TTiis  15  not  to  be  confused  with  Joule's  experiment  for  the  determination  of 
the  mechanical  equivalent  of  heat. 
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CHAPTER   VII. 

ENTROPY. 

36.  Explanatory.  In  the  more  advanced  discussions  of  ther- 
modynamic theory-  a  certain  property  of  substances,  know  as 
their  **  Entropy''  (represented  by  0),  is  found  to  be  of  great 
importance.  The  solution  of  most,  if  not  all,  engineering  prob- 
lems involving  thermodynamic  changes  can  be  obtained  with- 
out employing  entropy;  but  its  use  enables  scientists  to  draw 
certain  sweeping  conclusions  with  regard  to  natural  phenomena, — 
conclusions  which  would  otherwise  be  difficult  to  formulate,  and 
which  materially  assist  in  developing  the  laws  governing  thermo- 
dynamic transformations.  The  consideration  of  entropy  also 
serves  the  useful  purpose  of  giving  the  engineer  a  broader  view- 
point with  regard  to  the  processes  he  makes  use  of.  For  these 
reasons  it  is  introduced  here. 

'  37.  Definition,  (a)  It  has  been  seen  that  it  is  impossible  to 
measure  the  absolute  amount  of  associated  heat  energy  {Q), 
and  that  all  cases  can  be  analyzed  when  the  discussion  is  limited 
to  changes  of  energy  {dQ,  bQ,  or  A^).  Later  it  will  be  shown  that 
entropy  is  a  similar  function  ;  therefore  the  treatment  will  be 
limited  to  entropy  changes  {d<f>,  50,  A0),  rather  than  to  consider 
the  absolute  amount. 

(b)  To  a  student  unable  to  distinguish  between  heat  and  cold 
and  not  familiar  with  the  phenomena  accompanying  tempera- 
ture changes,  it  would  be  very  difficult  to  convey  a  conception 
of  what  a  temperature  change  really  is.     Probably  the  best 

definition  would  be  the  mathematical  one  dT  =  -^^  which  would 

be  unsatisfactory  and  troublesome  to  the  student  until,  by 
experience,  he  became  familiar  with  the  phenomena  accompany- 
ing changes  in  temperature.  The  same  difficulty  occurs  in 
attempting  to  define  any  unfamiliar  physical  quantity  or  prop- 
erty, and  applies  equally  well   to  entropy.    Hence,  the  } 

6s 
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that  can  be  done  at  present  is  to  give  a  mathematical  definition 
of  entropy  and  rely  on  the  experience  and  familiarity,  which 
will  come  from  the  solution  and  discussion  of  problems  involving 
its  use,  to  give  a  more  or  less  concrete  conception  of  the  physical 
meaning  and  properties. 

(c)  The  Mathematical  Expression  for  an  Infinitesdmal  Change 
of  Entropy  is 

rf«  = j^ , (53) 

in  which  the  numerator  indicates  the  summation  of  the  in- 
finitesimal changes  indicated, 

T  =  absolute  temperature  of  material  during  these  infinites- 
imal changes,  and 

A  =  1/778,  introduced  to  keep  all  terms  in  numerator  in 
same  units. 

A  finite  change  of  entropy  will  then  be 


A</» 


"Ji  T  ^54) 

It  is  often  convenient  to  first  evaluate  per  pound  and  then 
for  the  weight  concerned.     If  A<^i  is  for  unit  weight, 

A«Fr  =  W^A«i (55) 

(d)  It  will  be  observed  during  the  further  development  of 
thermodynamic  phenomena  that  all  those  processes  which  occur 
*'  naturally,"  i.e.,  spontaneously,  are  accompanied  by  an  increase 
of  entropy.  Any  process  which  results  in  a  decrease  of  entropy 
must  be  forced  in  some  way,  and  is  in  that  sense  '*  unnatural." 
Hence  it  may  be  said  that  the  entropy  of  every  substance  tends 
to  increase. 

A  somewhat  analogous,  though  not  a  parallel,  case  may  be 
cited  from  mechanics.  It  is  well  known  that  the  potential 
energy  of  mechanical  systems  always  tends  to  decrease,  for 
there  is  a  tendency  for  the  centers  of  mass  of  all  terrestial  bodies 
to  approach  the  earth's  center  as  closely  as  conditions  will 
permit.  Given  a  mechanical  system,  in  which  processes  result- 
ing in  change  of  the  position  of  the  center  of  gravity  can  take 
place,  that  change  will  occur  which  will  make  the  potential 
energy  of  the  system  least,  unless  external  forces  impose  a 
different  behavior. 
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38.  Entropy  Changes  for  Reversible  Processes  wi^  Ideal 
Gases,  (a)  It  was  mentioned  (in  Section  34c)  that  the  ideal 
expansions  considered  in  Chap.  V  may  be  made  reversible  proc- 
esses; and  a  further  consideration  will  show  that  in  every 
such  case  the  external  work,  dE,  can  be  represented  as  APdV, 
Further  study  will  show  that  for  all  reversible  processes 

APdV  =  dE  and  A  CPdV  =  A£. 


r 


Then,  since  dl  =  o  for  an  ideal  gas,  the  numerator  of  Eq.  (53) 
becomes  dS  +  dE  =  dQ.  And  the  infinitesimal  entropy  change 
experienced  by  an  ideal  gas,  during  a  reversible  process,  is  then 

dS  +  dE_dQ 

o*  =  — Y —     T^ ^^^ 

The  finite  change  is 

^  =  £f (57) 

or,  il  dQhe  assumed  to  refer  to  unit  weight,  see  Eq.  (55), 

A^H^  =  w£^ (58) 

(b)  It  must  be  noted  that  the  last  three  equations  are 
proved  only  for  reversible  processes,  and  for  the  present  they  will 
be  considered  as  applicable  only  to  ideal  gas.  They  may  be 
used  for  finding  the  entropy  change  experienced  by  a  given 
weight  of  ideal  gas  which,  while  expanding  behind  a  piston,  is 
undergoing  one  of  the  reversible  processes,  such  as  those  de- 
scribed in  Chapter  V;  they  are  not  applicable  for  determining 
the  entropy  change  when  a  given  weight  of  gas  experiences  an 
irreversible  process,  such  as  the  free  expansion  of  Joule's  experi- 
ment. Section  35  (b).  In  such  cases  the  entropy  change  must 
be  determined  in  other  ways  which  will  be  presented  later. 

39.  Sign  of  Entropy  Changes  during  Reversible  Processes, 
(a)  The  integration  of  Eq.  (57)  between  the  limits  i  and  2  for 
any  assumed  process  will  result  in  a  difference  of  two  quantities; 
thus  the  sign  of  the  right-hand  member  will  depend  upon  which 
of  these  quantities  is  the  larger.  The  sign  of  this  number  indi- 
cates whether  the  process  in  question  will  increase  or  decrease 
the  entropy  of  the  material. 
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(b)  A  reversible  increase  of  heat  energy  would  give  a  positive 
value  for  the  right-hand  member  of  the  equation,  —  a  positive 
value  of  A0,  —  and  this  corresponds  to  an  increase  of  entropy. 

(c)  A  reversible  rejection  of  heat  results  in  a  negative  value 
of  A<^,  indicating  a  decrease  of  entropy. 

(d)  Eq.  (57)  would  show  no  change  of  entropy  for  any  revers- 
ible process  involving  no  change  of  associated  heat,  but  this 
could  only  be  true  of  an  adiabatic  process  (in  which  dQ  =  o,  see 
Section  30  (a) ).  An  ideal  gas,  therefore,  experiences  no  change 
of  entropy  during  a  reversible  adiabatic  process. 

(e)  Although  it  is  the  entropy  change  which  is  really  con- 
sidered in  thermodynamic  calculations  in  which  entropy  is  con- 
cerned, yet  engineers  are  accustomed  to  speak  of  the  **  total 
entropy  "  of  thfe  substance  for  the  particular  conditions  of  tem- 
perature, pressure,  and  volume  pertaining.  They  do  this  because 
they  have  by  common  consent  agreed  that  the  entropy  of 
materials  shall  be  measured  above  a  certain  arbitrarily  chosen 
datum,  which  is  taken  as  zero  for  convenience.  Thus  the  term 
"  total  entropy  "  {<t>)  refers  to  the  total  entropy  change  ex- 
perienced by  the  material  in  passing  reversibly  from  the  arbi- 
trarily chosen  datum  to  the  conditions  in  question.  As  the 
entropy  difference  (02  —  4>\)  is  dealt  with,  any  datum  whatever 
may  be  selected  provided  the  same  one  is  used  for  both  of  the 
entropy  quantities,  02  and  <t>i, 

40.  Entropy  Changes  during  Reversible  Isobarics  of  Gases. 

In  Eq.  (56)  the  numerator  of  the  right-hand  member  can  be 

replaced  by  the  product  of  specific  heat  into  an  infinitesimal 

temperature  change,  thus  for  unit  weight 

,        dQ      CdT  ,    V 

dit>  =  Y  =  -^^y (59) 

the  symbol  C  representing  the  proper  specific  heat  for  the  par- 
ticular change  under  consideration. 

For  a  change  at  constant  pressure  C  becomes  Cp  and  the 
differential  equation  for  entropy  change,  per  unit  weight,  is 

d<i>  =  ^ (60) 

Assuming  Cp  a  constant  as  before,  the  total  change  of  entropy 
is»  per  unit  weight, 

J*d«=CpJ*^ (6ia) 


ENTROPY  69 

Thus  A*  =  («t  -  *i)  =  Cp  (log.  r,  -  loge  r,).     .     (6lb) 

=  Cplog.*^| (6ic) 

Eq.  (61  b)  or  (6ic)  will  indicate  by  the  algebraic  sign  of  its 
right-hand  member  whether  a  positive  01  negative  entropy 
change  is  under  consideration.  Increase  of  associated  heat  will 
make  Tj  greater  numerically  than  Ti  and  the  right-hand  mem- 
ber of  the  equations  will  then  have  a  positive  sign,  which 
indicates  an  increase  of  entropy.  Reduction  of  associated  heat 
will  make  Tt  less  than  Ti  and  the  right-hand  member  of  the 
equations  will  have  a  negative  sign. 

The  equations  can  then  be  trusted  to  give  not  only  the  numeri- 
cal value  of  the  entropy  change,  but  also  to  signif>'  whether  it 
increases  or  decreases  the  total  entropy  of  the  material  under 
consideration. 

41.  Entropy  Changes  during  Reversible  Isovolumics  of  Gases. 

In  this  case  the  specific  heat  C  in  Eq.  (59)  becomes  C»  and  the 
resulting  differential  equation  is 

d4>  =  ^-'^- (62) 

The  total  change  of  entropy  is,  therefore,  per  unit  weight, 

or  A<^  =   («2  —  4>\)   =  Cv  (loge  T2  -  loge  ^i).  .       .  (63) 

=  C^  loge  7^ 

J-  1 

As  before,  the  algebraic  sign  of  the  right-hand  member  of  this 
equation  will  indicate  whether  an  increase  or  decrease  of  entropy 
is  under  consideration. 

42.  Entropy  Changes  during  Reversible  Isothermals  of  Gases. 
During  an  isothermal  change  the  temperature  is  constant  by 
definition;  that  is,  T  in  Eq.  (56)  is  the  same  for  each  of  the  differ- 
ential heat  changes  dQ,    Then 


^* (63a) 


r^-rf 


*  It  is  usually  more  convenient  to  use  logio  instead  of  log^.  .\s  loge  =  2.302  logit, 
Eq.  (6ic)  may  be  written  A^-Cp  X  2.302  logw  (T%/Ti).  The  other  logarithmic 
equations  which  are  to  fc^ow  may  be  similarly  transformed. 
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becomes 

A«  =  («2-*i)  =  ^:=^.    .     :     .     .     (64) 

Thus,  for  isothermal  changes,  since  (ft  —  Qi)  =  Aft 

A*  =  ^ ,     (65) 

The  entropy  change  will  obviously  have  the  same  sign  as  Aft 
indicating  increase  of  entropy  with  increase  of  associated  heat 
and  decrease  of  entropy  with  decrease  of  associated  heat. 

43.  Entropy  Changes  during  Reversible  Adiabatics  of  Gases. 

An  adiabatic  change  being  one  which  occurs  under  conditions  of 
heat  insulation,  that  is,  one  during  which  heat  energy  is  neither 
given   to   nor  abstracted  from   the  substance,   it  follows  that 

dQ  =  o,  and  therefore 

dO 
4>^-<p,^        d<t>  =  -Y  =  o (66) 

Thus  during  a  reversible  adiabatic  change  there  is  no  entropy 
change,  just  as  during  an  isothermal  process  there  is  no  tem- 
perature change.  Reversible  adiabatics  are  therefore  often  called 
Isentropicsj  and  these  two  terms  may  be  used  interchangeably. 

44.  Irreversible  Adiabatic  Processes  of  Ideal  GaS|  and  the 
Corresponding  Entropy  Changes,  (a)  Besides  the  reversible 
adiabatic  expansion  already  discussed,  there  are  an  unlimited 
number  of  adiabatic  processes  which  are  irreversible.  These 
are  thermodynamic  prcxtesses  which  ideal  gas  undergoes  when 
confined  in  vessels  which  are  nonconducting  as  regards  heat, 
that  is,  in  those  which  neither  permit  the  gas  to  receive  nor  to 
surrender  any  heat  through  the  surrounding  walls.  Of  the 
processes  which  are  strictly  adiabatic,  those  which  are  isentrc^ 
are  the  only  ones  that  are  reversible. 

(b)  As  an  example  of  an  irreversible  adiabatic  change  of  ideal 
gas,  assume  the  process  similar  to  the  free  expansion  of  Joule's   m 

in  Section  35  (b).     During  such  a  proceaii   I 
experienced  by  unit  weight  of  gas  cannot  ^ 
and  (57),  as  they  apply  only  to  reveraabk 
to  use  them  would  give  the  zero  entrp 
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change  that  was  obtained  in  Section  43,  which  is  very  far  from 
being  correct,  as  the  next  paragraph  will  show. 

(c)  Recourse  must  then  be  had  to  the  original  definition, 
Eq-  (53)1  which  may  be  rewritten  as 

,^      dS  +  dl  ,    .PdV  ,  . 

d4>=^ j^ \-A—j^ (a) 

In  the  process  under  discussion  there  can  be  no  change  in  the 
sensible  heat  because  the  temperature  of  the  gas  is  the  same  after 
as  before  the  change,  and  dl  is  of  course  zero  for  ideal  gas. 
Hence  dS  +  dl  =  o  and  Exj.  (a)  becomes 

dit>  =  A-j^ (b) 

The  P  VT  changes  in  a  unit  weight  of  ideal  gas  are  represented 

by  the  expression 

PW 

Thus  P--RT/V 

dM 
and  PdV^RT  — 

This  value  of  PdY  may  now  be  substituted  in  Eq.  (b),  which 

then  becomes 

,RTdV       ,RdW 
d<t>  =  A-jr  Y^^  ~y~ ' 

Integrating  this  between  the  limits  i  and  2  gives  the  true  entropy 
change,  per  pound  of  material, 

/2     dV 
i?^=^i?(l0g.V2-l0geVi).  .       .        (C) 

As  the  volume  Vj  occupied  when  the  gas  fills  the  two  vessels 
is  greater  than  the  volume  Vi  which  it  had  when  confined  in  one 
of  them,  the  process,  as  shown  by  Eq.  (c),  must  result  in  an 
increase  of  entropy  despite  the  fact  that  the  conditions  are 
adiabatic.  This  is  quite  different  from  the  zero  value  obtained 
by  applying  the  equation  for  reversible  changes  in  which  APdV 
=  dE,  This  emphasizes  the  statement  already  given  that  only 
reversible  adiabatics  are  isentropic  processes. 

(d)  The  free  expansion  of  a  gas  may  be  called  a  "  natural  " 
process.     It  was  seen   to  be   accompanied   by  an  increase  in 
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entropy  of  the  materials  concerned.  A  similar  increase  also 
occurs  with  all  other  natural  processes,  such  as  the  flow  of  heat 
from  a  higher  temperature  body  to  one  at  lower  temperature. 
Thus  the  entropy  of  all  substances  always  tends  to  increase. 
These  facts  will  become  more  apparent  as  the  subject  is  developed. 

45.  Entropy  Changes  Independent  of  Path,  (a)  The  in- 
tegration of  Eq.  (54)  results  in  a  difference  in  two  quantities, 
the  values  of  which  de|)end  merely  on  the  conditions  of  the 
substance  before  and  after  the  change.  Evidently,  then,  the 
entropy  change  is  in  no  way  dependent  on  the  method  of  changing 
from  the  one  set  of  conditions  to  the  other.  Thus  the  entropy 
change  experienced  by  a  material  in  passing  from  some  definite 
set  of  conditions  i  to  another  definite  set  2  will  always  be  the 
same,  no  matter  what  path  is  pursued  on  the  graphical  repre- 
scMualion  of  the  process. 

lb)  This  fact  is  often  of  great  importance,  as  the  entropy 
change  experienced  by  a  substance  when  undergoing  any  very 
complicated  set  of  changes  can  be  determined  by  finding  the 
entropy  change  accompanying  any  simple  change,  or  group  of 
changes,  which  will  carry  the  body  from  the  same  initial  to 
the  same  final  conditions.  It  is,  however,  very  essential  to 
make  sure  that  the  final  conditions  are  the  same  in  both  cases, 
as  mistakes  are  easily  made  in  just  this  point. 

46.  Temperature-Entropy  Diagrams,  (a)  Just  as  pressure- 
volume  diagrams  are  useful  as  a  means  of  graphically  represent- 
ing^ certain  changes,  so  diagrams  with  absolute  temperature 
plotted  vertically  and  uniroj)y  change  plotted  horizontally  are 
capable  of  visualizing  some  very  important  transformations. 
Th(*y  are  known  as  T<>-diagrams. 

There  is  a  peculiarity  about  the  plotting  of  diagrams  with 
tenii)fTature  and  entropy  coordinates,  to  which  attention  should 
be  called.  In  the  PV-diagram  the  intersection  of  the  coordi- 
nate axes  represents  zero  pressure  and  zero  volume,  and  this 
is  [)(>ssible  because  both  absolute  pressure  and  absolute  volume 
can  he  determined.  In  the  T</)-diagrams,  however,  although 
absolute  temperature  can  be  determined  inferentially,  as  pre- 
vi(nisl\'  shown  on  p.  30,  the  absolute  quantity  of  entropy  is  indC' 
terminate  like  the  absolute  quantity  of  associated  heat.  As 
already  shown,  the  equations  give  change  of  entropy ^  A0,  and  nol 
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absolute  quantity  of  entropy,  4>.  It  is  this  A0  which  is  used  in 
plotting.  The  abscissas  thus  represent  entropies  of  a  substance 
above  some  conveniently  chosen  datum,  such  as  that  at  32^  F. 

(b)  In  Fig.  15,  the  point  A  represents  the  temperature- 
entropy  conditions  of  a  substance  as  Ti<t>i,  This  means  that  at 
temperature  T\  the  entropy  of  the  substance  is  <^u  above  what- 
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Fig.  15.  —  T0-Cun'es  for  Gases. 

ever  value  has  been  decided  on  as  zero  of  entropy,  — just  as  in 
the  PV-diagram,  Fig.  6,  V\  represents  the  volume  of  the  sub- 
stance above  absolute  zero  of  volume  when  its  pressure  is  Pi. 

Isobaric  Changes. 

c)  The  line  AB,  Fig.  15,  represents  the  temperature-entropy 
changes  of  a  gas  expanding  at  constant  pressure,  or  it  is  tlie  graph 
iA  Etj.  (.61),  and  is  obtained  by  substituting  various  increasing 
values  for  7^.  Similarly,  the  line  AC  is  the  graph  of  a  constant- 
pressure  compression. 

Isovolumic  Changes. 

d)  The  line  AD  represents  a  rise  of  pressure  at  constant 
volume  and  is  obtained  by  means  of  Ecj.  (6^^) ;  while  the  line  -1  R 
\^  the  same  curve  continued  backward,  and  rei^rescnis  a  con- 
stant-volume pressure  drop. 

Isothermal  Changes. 

(e)  During  an  isothermal  change  T  is  constant  hut  entrr)py 
Ixj-.omes  greater  as  associated  heat  increases,  wliich  occurs  as 
volume  grows  larger.     The  graph  of  an   isothermal  expansion 
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from  Ti^i  must  then  be  a  horizontal  line  to  the  right  of  A ;  and 
similarly  an  isothermal  compression  must  be  shown  by  the  hori- 
zontal line  to  the  left. 

Adiabatic  Changes. 

(f)  The  entropy  change  is  zero  during  a  reversible  adiabatic 
change,  therefore  A0  equals  zero,  and  such  a  change  must  be 
shown  by  a  vertical  line  on  the  T<^-diagram.  Further,  since  the 
temperature  of  a  gas  decreases  during  adiabatic  expansion,  as 
previously  shown,  the  line  A  H  must  represent  such  an  exf^ansion 
from  Ti4>i  conditions,  and  the  line  AI  o.  similar  compression 
from  the  same  point. 

Area  equivalent  to  AQ. 

(g)  From  Eq.  (56)  dQ  =  Td4>,  for  reversible  processes,  and 
hence  for  such  a  process, 

J'dQ  =  J^Td4>, 
and  ^Q  =  Qi-Qi  =  f   Td<l>.      .     .     (67) 

The  last  term  of  this  equation  is,  however,  the  mathematical 
expression  for  the  area  under  a  curve  drawn  to  T^-coordi nates. 
It  tliorefore  follows  that  area  on  the  T4>'diagram  represents 
heat  change  during  reversible  processes,  and  inspection  of  the 
praj)hs  already  given  will  show  that  area  under  a  line  traced  from 
left  to  right  represents  heat  given  to  a  substance,  while  area 
uikUt  a  line  from  right  to  left  represents  heat  abstracted  from 
a  siil)stance. 

Our  of  the  great  conveniences  resulting  from  the  use  of  the 
To-diagrani  in  engineering  may  now  be  seen.  The  PV-diagram 
shows  by  the  area  beneath  the  ex|xinsion  line  the  total  external 
icorh  associated  with  a  process;  while,  for  reversible  processes 
a  I  k' i>t.  tlie  T<^-diagrani  shows  by  the  area  beneath  the  corre- 
spoiulini;  line  the  change  of  total  associated  heat  occurring  dunng 
the  >anio  prcxTssos.  Tlie  engineer  is  thus  enabled  to  quickly 
sc)I\r  many  problems  by  simple  inspection  of  these  two  dia- 
grams, and  can  a\oicl  the  necessity  of  making  long  mathematical 
cak  Illations  with  the  ever-present  possibility  of  error. 

It  may  be  objected  that  it  involves  more  work  and  time  to 
construct  the  necessary  diagrams  than  it  would  to  make  the 
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calculations  direct.  It  will,  however,  be  discovered  in  a  later 
chapter  that  certain  standard  diagrams  can  be  constructed  for 
the  solution  of  by  far  the  larger  class  of  problems  in  which  the 
conception  of  entropy  change  is  particularly  helpful.  These 
diagrams,  once  constructed,  can  be  used  indefinitely  without 
further  calculation. 


CH.\PTER   VIII. 

GAS  CYCLES. 

47.  Definition  of  a  Cycle,  (a)  As  already  stated,  man  ic- 
quiri'^  far  tnt)ri'  onorj^j}  ilian  his  IkkIv  can  supply,  and  this  encrg>' 
is  ohiaiiuxl  from  Nature's  stores.  Energy  as  used  by  the  engi- 
neer i*»  always  assi»eiaieil  with  some  substance,  body,  or  "  s>'s- 
lem  *':  kinetii*  energy  with  moving  masses;  potential  mechanical 
eneri;y  with  massi'S  by  virtue  of  position;  heat,  sensible  or  latent. 
willi  soIi(l>.  litiuids,  nr  gasi»s. 

lb'  When  tner^jy  is  ustnl  for  the  doing  of  work  the  material 
wiili  which  it  i>  assiK'iatetl  is  calkxi  the  working  substance.  Thus 
in  .1  hyilraulic  jxjwer  phuit.  water  is  the  working  substance;  gas 
i>  the  working  substance  in  a  j^as  engine;  and  water  is  the  working 
suli-^iance  in  a  >tetim  engine. 

c     If  .1  ):,\\cn  quantity  of  a  working  substance,  with  its  asso- 

I  i.iT.  .|  .iHT^y.  l)e  u>eil  so  as  to  obtain  all  the  uvrk  possible  under 
^i\i  II  I  irnnn^taiias.  ilu-  same  amount  of  work  cannot  be  again 
i.I.'.iiiml  iiiidcr  the  siinir  t  irrunisUnices  unless  the  substance  is 
hi  I  :.  iiiriu'il  i«»  its  ifiitiiil  loruiition.  Thus  a  pound  of  water 
l.illn  ^  .1  i^ivin  (li^taiuv  will  develop  a  certain  amount  of  work. 
.m.|  ili.ii  UMik  will  U'  the  j^reatest  obtainable  under  thecircum- 

t.iM. '      when  the  water  fall>  to  the  lowest  possible  point.     To 

.I.-. Ii\.l<»|)  tlif  same  amount  of  work  with  the  same  pound 

.,1  v.  ii«  I .  it  iiMi-^i  rir>i  be  rai>e<l  to  the  height  from  which  it  origi- 

II  ill .  I.  II.  <  )r  -iinilarly.  if  one  iK)und  of  gas  does  work  by  ex- 
)..i'.'1mi.'  .MJiaiMii*  all\  fmin  a  temiKTature  T\  to  a  temperature 
/     V.  111.  h  i ,  liir  l«>\\t--i  |)(»ssible  under  the  conditions,  it  cannot 

.li-  nil  .|..  iJM-  ..mic  .iniuum  of  work  in  the  same  way  until  its 
t<  iii|.i  r.iitin    i .  ai^.iin  raiM<l  t«>  the  initial  value  Ti. 

't\.  Ill  oiilri  In  (l(li\rr  w<jrk  continuously  as  is  generally 
i<'|iiiii(|,  I  line  ,in'  obxiously  only  two  possible  methods  of 
<«l>M.iiinii  citliri  M)  the  livrkinf^  substance  must  be  periodically 
TfiHninl  tn  initial  lONfUtions,  or  (2)  new  quantities  of  workini 
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substance  must  be  supplied  at  regular  intervals.  The  latter  is 
the  simpler  and  is  often  used,  but  it  is  not  Nature's  method.  If 
man  uses  falling  water  to  develop  power  and  allows  the  water 
to  run  to  waste  at  the  lower  level,  Nature  immediately  begins  to 
lift  it  by  evaporation,  so  that  sooner  or  later  it  will  be  again 
available.  If  man  burns  carbon  in  air,  getting  hot  CO2  and  N2, 
and  then,  after  obtaining  work  by  lowering  the  temperature, 
discharges  the  gas  as  useless.  Nature  through  the  agency  of  plant 
growth  decomposes  the  cold  CO2  into  C  and  O2  so  that  they  can 
again  be  combined  to  evolve  the  same  amount  of  heat  energy 
as  before. 

Thus  without  man*s  agency  all  working  substances  periodically 
return  to  the  same  starting  conditions,  that  is,  pass  through 
cycles. 

A  cycle  is  any  series  of  operations  which  periodically  brings  the 
working  substance  back  to  initial  conditions. 

It  is  customary  to  speak  of  Open  and  Closed  Cycles,  but  there 
are  really  no  open  cycles  in  engineering.  If  the  engineer  carries 
a  working  substance  through  any  series  of  changes  which  does 
not  return  it  to  initial  conditions.  Nature  kindly  closes  the  cycle 
for  him. 

(e)  One  difficulty  here  confronts  the  beginner:  Experience 
shows  that  it  requires  at  least  as  much  energy  to  pump  water 
l)etween  levels  as  can  be  obtained  from  it  in  flowing  down  again; 
this  being  true,  how  is  man  to  obtain  availal)lc  work  from  a 
substance  if  equal  work  has  to  be  returned  to  raise  the  material 
to  starting  conditions?  There  are  two  solutions  which  amount 
to  the  same  thing  in  the  end: 

1.  Allow  Nature  to  do  the  pumping,  as  in  the  case  of  the  water- 
fall; or 

2.  Imitate  Nature  in  finding  some  way  of  pumping  that  does 
not  require  the  return  of  the  identical  energy  which  has  been 
obtained  from  the  cycle. 

When  a  heat  engine  is  used  heat  energy  is  available  but  mechaui- 
cal  energy  is  sought.  Most  of  the  methods  in  use  for  returning 
the  working  substance  to  initial  conditions  in  such  cases  depend 
u[x>n  the  use  of  a  small  amount  of  the  generated  mechaniial 
energN'  and  a  large  amount  of  the  available  heat  energ\'  fc^r  this 
purpose;  or  they  employ  some  group  of  processes  which  are  the 
substantial  equivalent  of  this. 
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48.  IM«cruii  iA  ft  Cycle,      (a)  Cydes  are  < 


■dri 


resented  diagrammaticalty,  as  has  already  bem  dose  for  pio- 

sure-volume   changes  or   temperature-entropy   1  li  iin,i  1       Tk 
counlinates  used  are  generally  either  PV,  or  T^. 

Assume  for  instance  that  the  point  A,  in  Ffg.  i6l  wpuwii 
the  pressure  and  volume  conditions  PiV|,  at  tempeijtMe  TV 
of  one  pound  o(  gas  nsed  as  a 
working  substance  in  a  c}-liBds 
fitted  with  a  frictioalesB  piwna. 
as  shown  in  the  figure.     If  the 
gas  expands  to  conditjoaa  PJIt 
at  B,  accnding  to  sudi  a  hw 
that  AB  is  the  graph  of  piv> 
sure-volume   changes,    the  aica 
ABEF  must   measure   the  o- 
temal  work  done  upon  the  pis- 
ton while  it  moves  from  pmitiua 
a  to  podtion  b.     If  the  gas  tfaea 
expands    further    according    to 
some   other   law   BC  ao  as  to 
arrive  at  the  point  C  with  ooo- 
ditions  PiVi,  the  additioaal  a- 
ternal  work  done  upon  the  pistoa 
while  moving  from  &  to  £  must  be 
represented  by  the  area  BCGE. 
•tiipn-ssion  the  working  substance  may  then  be  bixni^t  to 
•  iiiiiliiioiis  PiVi  according  to  the  law  represented  by  the 
I  (7)  wliiU-  iho  piston  moves  from  c  to  d,  but,  to  do  tfai^ 
ir|ii'i'M'n(iHl  by  the  area  CDHC  must  be  done  by  the  piston 
ilii'Ka>.     I-Voni  jMiinl  i3  compressing  in  the  proper  way  «3I 
iIk-  wiirkiiiK  sulistimce  to  Starting  conditions  at  A,  widi  as 
I'liiiin,'  of  wtirk  shown  by  the  area  DAFH.    The  return  of 
.i>  10  iitartiiiK  conditions  at  A  completes  a  cycle;  the  pret- 
^oliinii'.  ;iii<l  temperature  of  the  gas  are  again  PiVi7\  and 
Utoii  is  hack  lo  iX)!^tion  a.    There  is  then  no  reaaoo  why 
mil-  iiriKcss  MKiy  not  be  repeated  again  and  again  iodeS- 
however,  that  the  total  external  work  done  kj 


rV-Diagnm  of  Cycle. 
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PosUive  Work  =  ABEF-\-  BCGE  =-  ABCGF tt.A!b»., 
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while  the  total  work  done  upon  the  gas  is 

Negative  Work  =  CDHG  +  DAFH  =  CDAFG  ft.-lbs. 

leaving 

Net  or  Available  Work  =  ABCGF  -  CDAFG 

=  A  BCD  A  ft.-lbs. 
=  Area  inclosed  by  lines  of  cycle. 

(b)  Four  successive  processes  as  represented  by  the  four  lines 
in  Fig.  1 6  are  not  necessary  for  a  working  cycle.  Any  number 
of  processes  between  an  infinite  number  and  two  may  inclose 
an  area  and  therefore  could  represent  a  cycle  delivering  work. 
Four  lines  are,  however,  employed  in  most  of  the  cycles  used  in 
ordinary  heat  engines. 


49.  The  Camot  Cycle  for  Gases,  (a)  This  cycle,  named  from 
Sadi  Carnot,  the  man  who  first  investigated  it,  represents  the 
best  that  can  possibly  be  done  in  the  conversion  of  heat  energy 
into  mechanical  energy.'*'  It  cannot  be  used  in  any  actual 
engine  and  is  therefore  only  of  theoretical  interest  as  a  criterion  of 
the  maximum  result  obtainable. 

(b)  For  performing  such  a  cycle  with  gas  it  is  necessary  to  have 

1.  The  gaseous  working  substance; 

2.  Certain  apparatus,  to  be  specified  below. 

The  working  substance  may  be  any  gas  far  enough  removed 
from  its  point  of  liquefaction  to 
sensibly   obey   the    laws  already 
developed  for  perfect  gases. 

The  necessary  apparatus  is 
bhown  in  Fig.  17  and  may  be  de- 
scribed as  follows: 

U  is  a  body  at  high  tempera- 
ture Ti  and  so  arranged  that  this 
temperature  remains  constant  de- 
spite withdrawal  or  addition  of 
heat  energy.  An  ordinary  fur- 
nace with  a  controllable  fuel  and 


u 


Yi 


I       1^2 


T, 


Fig.  17.  —  Machinery  of  Carnot 
Engine. 


•  This  statement  must  not  be  interpreted  to  mean  that  no  other  cycle  can  do 
as  well;  it  means  only  that  no  other  cycle  can  do  better.  It  will  be  shown  later 
that  there  are  a  number  of  cycles  equally  efficient  as  energy  transformer^^. 


So 
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air  supply  approximates  these  conditions.    The  body   U  will 
hereafter  be  called  the  Hot  Body. 

X  is  a  body  at  temperature  Tt,  lower  than  Ti,  and  this  tem- 
perature Ti  remains  constant  despite  addition  or  removal  of 
heat  energy.  A  vessel  jacketed  with  flowing  water  at  tem- 
perature Tj,  or  arranged  like  the  condenser  shown  in  Fig,  3, 
would  approximate  these  conditions.  The  body  X  will  here- 
after be  called  the  Cold  Body. 

y  is  a  cylinder,  Z  is  a  removable  plate  which  may  be  used  to 
cover  the  end  of  the  cylinder,  and  Ki  is  a  fricttonless  piston. 
These  parts  are  made  of  material  that  will  neither  absorb  nor 
conduct  heat.  Yt  is  a  cylinder  head  made  of  material  that 
offers  no  resistance  to  flow  of  heat. 


Operation  of  Camot  Engioe. 

(c)  Imagine  first  that  one  pound  of  gas  is  inclosed  in  the  cylin* 
der  Y  at  conditions  PaV,  and  Ta,  as  shown  at  a  in  Fig.  18,  T, 
being  equal  to  T\,  the  tem- 
perature of  the  hot  body. 
(i)  Remove  cover  Z,  apply 
the  hot  body  to  the  conduct- 
ing head  Y\,  and  allow  the 
gas  to  expand  isothermally  to 
some  lower  pressure  P»  at 
volume  Vi,  as  shown  at  b  in 
the  figure.  The  necessary 
heat  supply  must  have  come 
from  the  hot  body  and  may 
be  called  \Qx. 

(2)  Next  remove  the  hot 
body,  apply  the  nonconduct- 
ing coAer  Z,  and  allow  the 
gas  10  expand  adiabatically 
until  its  temperature  has 
(li(ij)|H.(l  (o  T,,  equal  to  7"s,  the  temperature  of  the  cold  body- 
Tin.-  na-^  will  then  have  conditions  P.'Vr. 

[,il  Aj;,iin  remove  the  cover  Z.  apply  the  cold  body  X,  and 
drive  tlic  piston  back,  compressing  the  gas  isothermaUy  to  some 
hiijhur  pressure  Pd  at  volume  Vj.     (The  value  of  P^  will  be  con- 


ft 

1 

^J 

^ 
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i.  —  I'\'-r)iagfnin  of  Cur 


t  Cycle. 
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sidered  in  the  next  paragraph.)     The  heat  generated  must  be 
absorbed  by  the  cold  body  and  may  be  called  A^j. 

(4)  For  the  fourth  and  completing  operation,  remove  the 
cold  body,  replace  the  nonconducting  head  Z,  and  drive  the  piston 
back,  compressing  the  gas  adiabatically  until  its  temperature  has 
again  risen  to  that  of  the  hot  body,  which  was  the  starting 
temperature  of  the  cycle.  To  close  the  cycle,  the  pressure  and 
volume  must  return  to  P«V«  when  Ti  is  reached.  This  can  only 
be  attained  if  the  isothermal  compression  is  stopped  at  such  a 
point  d  that  the  subsequent  adiabatic  compression  will  return 
the  gas  to  the  starting  conditions. 

Work  Developed  by  Camot  Engine. 

(d)  The  area  crosshatched  upward  from  left  to  right  in  Fig.  18 
represents  work  done  by  the  gas,  while  that  crosshatched  down- 
ward from  left  to  right  represents  work  done  upon  the  gas.  The 
foot-pounds  of  net  work  resulting  from  one  cycle  is  shown  by  the 
inclosed  area  abed.  If  this  cycle  is  carried  through  n  times  per 
minute,  the  total  net  work  done  by  the  gas  will  be  n  times  the 
area  dbcd.  The  mathematical  expression  for  net  work  done  per 
cycle  can  be  obtained  by  using  the  formulas  already  developed 
for  isothermal  and  adiabatic  changes.  The  results  are  tabulated 
below. 

Before  consulting  this  table,  however,  note  that  this  cycle 
consists   of   two   isothermals  joined   by   two   adiabatics.     The 

7^1  isothermal  is  an  expansion  with  ratio  ^  =  ^»    and    the    T2 

isothermal  is  a  compression  with  ratio  r/  =  r'.     These  two  ratios 
must  be  equal  because  by  Eq.  (51) 

li  =  I>  = 

and  -=-  =  -=-  = 

ij      Id 


PVmg  -  ,  ..  y^  y^ 


so  that  r  =  r'. 

By  means  of  the  last  equation  the  tabulated  results  give  simple 
expressions  for  net  work  as  indicated  below  the  table. 
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.  Line. 

■w-i-j                             Heat  Received 
*^*°**-                          (Pt.-lbs.  lb.  gas). 

1 

Work  Done 
(Pt.-lbs. /lb.  8BS). 

ab 
be 
cd 
da 

Isothermal 
Expansion 

Adiabatic 
Expansion 

Isothermal 
Compression 

Adiabatic 
Compression 

+  RTi  loge  r 
O 
-  RTt  log*  (f'  =  f) 
0 

+  RTi  log«  r 

-  RTt  logi  (r*-  r) 

Net  Work  =  i^ri  log,  r  -  RT2  log,  r' 
=  (ri-r,)i^log.r  ft.-lbs. 


.     .     (68) 


Efficiency  of  Camot  Engine. 

(e)   Efficiency  is  defined  as  the  ratio  of  useful  result  to  expendi- 
ture or  effort  made  to  obtain  that  result.     That  is 

Result 


Efficiency  =  Ef,  = 


Effort 


The  result  obtained  from  the  operation  of  this  Carnot  engine 
is  the  net  work  done  by  the  gas  and  the  expenditure  made  is  the 
heat  supplied  by  the  hot  body.     Then 


Ef.  Carnot  Cycle  = 


Foot-pounds  represented  by  abed 


.  (69a) 


778  AQi 
B.t.u.  represented  by  area  abed      ,^  . . 

= ——AG •     ^^^^ 

The  heat  supplied  per  unit  weight  of  gas  is  AQi  =  Jf^T'i  log,r 
foot-pounds  and  the  net  work  is  given  by  Eq.  (68).     Hence: 

Net  Work      ^  jTi  -  Tj)  R\og.r  ^  Ty  -  Tt 

TiR  log.  r 


Ef.  = 


(69c) 


Heat  Supplied  TiR  log«  r  Ti 

Objection  is  often  made  to  the  expressions  of  efficiency  just 
developed  because  it  seems  as  though  the  engine  ought  to  be 
c red! led  with  the  heat  given  to  the  cold  body.  The  fallacy  of 
this  appears  when  it  is  understood  that  the  heat  given  to  the  % 
cold  body  leaves  the  engine  at  a  low  temperature,  Tt,  whereat  to 
operate  the  engine  heat  must  be  available  at  a  high  temperaiun 
Ti.     The  heat  rejected  to  the  cold  body  could  not^  therefore,  h$    j 
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TteAy  used  again  in  the  engine,*  and  hence  should  not  appear 
1  (he  expression  for  efficiency. 

[{)  To  make  this  heat  available  again  for  use  in  the  same 
igine.  it  would  have  to  be  raised  to  the  high  temperature  Tt  and 
t  n-tiUTied  to  the  engine  by  way  of  the  hot  body  at  that  tem- 
rrature,  but  experience  shows  that  heat  -will  not  flow  of  its  own 
■ford  from  any  body  to  one  at  a  higher  temperature.  From  the 
:us^on  which  follows,  it  will  be  seen  <hat  al  least  as  much 
eckanical  energy  would  be  consumed  in  causing  such  a  flow  as 
•ul4  be  obtained  by  using  the  elevated  heat  in  a  heat  engine.  It 
ill  be  discovered  that  this  is  all  in  accord  with  the  Second  Law 
'  Thermodynamics, 

The  case  is  analogous  to  that  in  which  water  leaving  a  water 
'heel  is  pumped  again  to  the  original  height  in  the  attempt  to 
itilize  the  energy  still  possessed  by  the  water  when  leaving  the 
'hcd.  Ob\iously,  in  this  case  the  energy  leaving  the  wheel 
th  the  effluent  water  is  of  no  further  use  to  that  wheel,  and 
actly  the  same  thing  is  true  of 
be  heat  energy  leaving  the  engim 

(g)  Fig.  19  is  intended  to  show 
be  i:ncTg>-  changes  of  ihe  Carnot 
yde  graphically.     If  vertical  dis-. 
anccs  between  heat  reservoirs  7"i 
nd  Tt  in  the  figure  represent  tem- 
leraturc,  and  widths  of  streams 
lepnfsent  quantities  of  energy,  the  ■ 
of  the  foregoing  discussion 
graphically  evident. 
The  doltt-d  part  of  the  figure 
Ibows  how  a  part  of  tlic  effluent 
ncrgy  might  be  used  if  another  cold  body  with  temperature  Tt, 
Dwer  than  7V  could  be  obtained.f     The  ultimate  limit  to  this 

In  >  rmt  atsr  ihe  hot  body  would  daivt  the  heat  to  maintain  its  lenipemture 

>  loror  fnim  01  fuel,  nnd  the  cost  of  that  (uel  would  be  the  eipecdilure  made  to 

lifi  ibf  ""rk  delivered  by  the  engiDe. 

rtit'  {>o  --.iViiliu  u(  the  existence  of  cold  body  Tg  immediately  suggests  the  use 

'1  i<.-falinE  between  temperatures  Ti  and  Ti.    There  is  no  theo- 

ihis,  but  sometimes  when  analogous  schemes  are  tried  with 

r.[  of  practical  omaidcrations  dicute  tbe  use  of  several  engines 

1.17  u7  .. —  • .  ijiher  than  one  engine  working  through  tbe  entire  temperati 

1.     IIk  nswiu  will  be  considerrd  later. 


—  Energy  Flow  in  Camot 
Engine. 
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arrangement  would  be  an  engine  having  a  cold  body  with  tem- 
perature at  absolute  zero. 

It  is  of  interest  to  note  that  in  this  limiting  case  the  Second  Law 
of  Thermodynamics  wotdd  no  longer  be  true  because  the  last  engine 
of  the  series  would  reject  no  heat,  having  reduced  the  temperature 
of  its  working  substance  to  absolute  zero.  All  the  heat  entering 
the  group  of  engines  could  then  be  completely  and  continuously 
converted  into  mechanical  energy.  //  is  obviously  an  impossible 
proposition^  arising  in  this  case  from  the  impossible  ideal  gas,  the 
assumptions  made  as  to  the  properties  of  that  material,  and  the 
absurd  assumption  that  any  body  can  be  maintained  indefinitely 
at  absolute  zero  of  temperature  without  the  expenditure  of 
work  in  a  continuous  process  of  refrigeration. 

From  Fig.  19 

AG  +  A£  =  AQi; (70) 

hence  the  efficiency  might  be  written, 

A£  ^  AQ.  ^  Aft,  . 

^^-      AQi  Aft ^^^' 

and  this  will  be  found  to  express  the  efficiency  of  any  heat-engine 
cycle.  From  Eqs.  (69c)  and  (71)  it  is  evident  that  in  the  case  of 
the  Carnot  engine  with  gaseous  working  substance 


A^i  -  Aft      r,  -  Ti 


(72) 


Aft  r, 

» 

Reversibility  of  Carnot  Engine. 

(h)  Each  part  of  the  process  carried  on  in  a  Carnot  engUie  is 
thermodynamically  reversible.  In  fact  the  cycle  is  made  up  of 
the  two  processes  which  were  cited  in  Section  34  (a)  and  (b)  as 
typical  examples  of  reversible  processes.  The  entire  cyde  must 
therefore  be  reversible;  that  is,  it  must  be  possible  to  operate 
the  engine  starting  at  the  point  a  in  Fig.  18,  and  following  the 
cycle  backwards  in  the  direction  culcb. 

There  is  no  reason  why  the  gas  cannot  (i)  expand  adiabaticaUy 
from  a  to  d  and  then  (2)  isothermally,  at  temperature  Ti,  from 
d  to  c.  During  the  latter  process  it  would  absorb  heat  AQi  from 
the  cold  body.  If  the  necessary  mechanical  energy  is  available 
the  gas  can  be  (3)  compressed  adiabaticaUy  from  c  to  6,  and  then 
(4)  isothermally  in  contact  with  the  hot  body  to  the  starting 
point.     During  the  isothermal  compression  the  gas  must  give  §0 


GAS  CYCLES  85 

the  hot  body  the  amount  of  heat  AQi  exactly  equal  to  that  previously 
removed  during  the  direct  operation. 

In  the  diagram  (Fig.  18)  the  work  done  by  the  gas  during 
the  two  expansions  must  be  represented  by  the  area  adcef^  and 
that  done  on  the  gas  during  the  two  compressions  must  be  shown 
by  the  area  ecbaf.  The  net  result  must  then  be  the  absorption 
of  external  work  equal  to  tfiat  given  out  in  the  direct  cycle  and 
represented  by  the  area  adcb.  Tabulation  of  the  results  of 
operation,  first  direct  and  then  reversed »  gives 

Direct  Operation.  Reversed  Operation. 

Heat  absorbed  from  hot  body  =  AQi   =  Heat  delivered  to  hot  body. 
Heat  discharged  to  cold  body  =  SQz  ~  Heat  absorbed  from  cold  body. 
Mechanical  energy  delivered  =  (AQi—  AQj)  =  Mechanical  energy  absorbed. 

Thus  the  Carnot  engine  reversed  can  remove  heat  at  low 
temperature  from  the  cold  body  and,  having  absorbed  a  certain 
quantity  of  available  mechanical  energy,  can  deliver  the  sum  of 
these  two  energies  to  the  hot  body  as  heat  at  high  temperature. 
It  is  therefore  a  heat  pump. 


Carnot  Engine  as  a  Source  of  Perpetual  Motion  of 

Third  Type. 

(i)  Imagine  now  two  Carnot  engines  exactly  alike,  one  working 
as  an  engine,  and  the  other,  with  operation  reversed,  working  as 
a  **  heat  pump.'*  The  engine  will  remove  heat  from  the  hot 
body,  deliver  a  part  of  it  as  mechanical  energy,  and  discharge 
the  remainder  to  the  cold  body.  The  pump  will  absorb  from 
the  cold  body  the  same  quantity  of  heat  that  this  latter  received 
from  the  engine;  it  will  require  for  its  operation  the  same  quantity 
of  mechanical  energy  that  was  delivered  by  the  engine;  and  it 
will  discharge  to  the  hot  body  the  sum  of  the  two  energies,  — 
that  is,  an  amount  of  heat  equal  to  that  which  the  engine  removed 
from  the  hot  body.  If  the  two  pieces  of  apparatus  can  be  con- 
nected so  that  the  engine  drives  the  pump,  a  device  results  which, 
theoretically  devoid  of  friction  and  radiation  losses,  can  go  on 
moving  forever,  though  delivering  no  useful  work.  This  is  what 
was  called  in  Section  9  perpetual  motion  of  the  third  type, 
which,  though  conceivable,  cannot  be  materialized. 

50.  All  reversible  engines  have  the  same  efficiency  as  the 
Carnot  engine  when  working  between  the  same  temperature 
limits. 
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the  system.  This  excess  mechanical  energy  would  be  exactly 
equal  to  the  only  heat  supplied  the  system,  that  is,  to  AEj'  given  by 
the  cold  body.  Therefore  the  combination  could  continuously 
convert  into  mechanical  energy  all  the  heat  supplied  it;  but  this 
would  be  Perpetual  Motion  of  the  Second  Type,  and  is  contrary 
to  human  experience  as  expressed  in  the  Second  Law  of  Thermo- 
dynamics. Since  the  assumption  that  A  is  more  efficient  than 
C  results  in  this  impossibility,  it  follows  that  that  assumption 
must  be  incorrect,  and  that  no  heat  engine,  reversible  or  irrevers- 
ible, can  have  an  efficiency  greater  than  that  of  the  Carnot 
engine.     Hence  statement  (i)  is  correct. 

To  prove  (2),  that  if  the  engine  A  is  reversible  it  must  have 
the  same  efficiency  as  the  reversible  Carnot  engine  C  working 
between  the  same  temperature  limits,  imagine  it  to  have  an 
efficiency  less  than  that  of  C*  Being  reversible,  it  can  be  used 
as  a  heat  pump  driven  by  C,  Then,  if  the  pump  can  be.  less 
efficient  than  the  engine,  perpetual  motion  of  the  second  type 
again  appears.  Hence,  neither  engine  can  be  more  efficient  than 
the  other,  so  the  efficiencies  of  all  reversible  engines  working 
between  the  same  temperature  limits  must  be  the  same,  which 
proves  (2). 

51.  Comparision  of  Carnot  Engine  and  Real  Engine.  The 
Carnot  engine  as  described  above  is  evidently  only  an  ideal 
mechanism,  for  the  material  assumed  for  the  parts  does  not 
exist  and  a  perfect  apparatus  could  not  be  constructed.  It  is 
possible,  however,  to  approach  such  ideals  and  they  may  there- 
fore be  regarded  as  limiting  cases  for  actual  constructions. 
Comparing  the  real  engines  with  the  Carnot  as  a  standard  gives 
a  measure  of  the  perfection  of  attainment. 

In  any  actual  engine,  the  piston,  which  itself  meets  with 
frictional  resistance,  is  connected  to  a  friction-burdened  mech- 
anism. In  the  real  engine,  provision  must  also  be  made  for 
storing  part  of  the  energy  delivered  during  the  expansion,  to  be 
returned  for  the  compression  of  the  working  substance,  and  this 
storage  and  return  always  involves  waste.  In  the  reciprocating 
engine,  for  instance,  this  energy-storing  device  is  usually  a  fly- 
wheel, and  some  of  the  energy  stored  is  lost  in  friction  and 
windage. 

*  It  has  already  been  proved  that  its  efficiency  cannot  be  greater  than  that  of  C. 
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Obviously  there  must  be  the  following  losses  in  any  real  engine: 

1 .  Some  of  the  heat  received  from  the  hot  body  must  be  lost 
as  heat  through  conduction  and  radiation  .by  the  material  of  the 
engine. 

2.  Some  of  the  mechanical  energ>'  delivered  to  the  piston 
must  be  lost  by  friction  in  the  mechanism  of  the  engine. 

3.  Some  of  the  energ>'  stored  for  compressing  the  working  sub- 
stance must  be  lost  by  friction  during  its  storage  and  its  return. 

Recalling  the  meanings  of  the  three  types  of  perpetual  motion 
(page  7),  it  is  evident  — 

(a)  That  no  ideal  engine  can  give  perpetual  motion  of  the  first 
or  second  type; 

(b)  That  any  ideal  reversible  engine  combined  with  another  oj 
similar  character  can  give  perpetual  motion  of  the  third  type  only;  but 

(r)  That  no  real  engine  can  give  perpetual  motion  of  any  of  the 
three  types, 

52.  T(/>-Diagram  of  Camot  Cycle,  (a)  The  Carnot  cycle, 
being  made  up  of  two  reversible  isothermals  and  two  reversible 
adiabaticsy  must  be  represented  by  a  rectangle  when  drawn  to 
T(t>  coordinates.  Such  a  diagram  is  given  in  Fig.  21,  in  which 
the  horizontal  lines  ab  and  cd  represent  the  reversible  isothermal 
reception  and  rejection  of  heat  and  the  vertical  lines  be  and 
da  show  the  reversible  adiabatic  changes.  The  corresponding 
corners  of  the  cycle  are  for  convenience  lettered  the  same  as  in 

Fig.  18. 

(b)  Since  for  re\ersible  changes  with  ideal  gases, 
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the  area  abrf  under  the  isothermal  expansion  ab  represents  heat 
Ar\  rcccixccl  from  the  hot  body,  and  the  area  cefd  is  similarly 
proportional  to  heat  SQi  rejected  to  the  cold  b(xly  during  the 
isothtrnial  compression  cd.  The  difference  abed  is  the  area  of 
the  cvcle  and  represents  heat  converted  into  work.     Then 

^(2i  =  Ti  {(t>b-  4>a)    and    SQz  =  To  {<t>c  -  </>d)  =  7^2  («fc  —  4>a) 

and  X       ^  /  V 

Xh_-  1(J2  __  Tx  {<t>b  -  </>a)  -  T2(4n>-  <hd 

=: —LZ. — ^,   as  before. 
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53.   Criterion  of  Hazimum  Efficiency.     That  an  ideal  engine 

T,  ~  Tj 
may  have  the  maximum  possible  efficiency,—^; — '  when   re- 

cei\nng  heat  from  a  body  at  temperature  T,  and  rejecting  heat 
to  a  body  at  temperature  7i,  it  is  necessary  that  — 

(1)  All  heat  received  from  Ike  hoi  body  be  taken  when  Che  working 
substance  has  the  same  temperature  as  that  body;  and 

(2)  All  the  heal  rejected  to  the  cold  body  be  given  il  when  the 
working  material  has  the  same  temperature  as  that  body. 

This  is  easily  proved  from 
the  T^iagram,  Fig.  21.'  Im- 
agine heat  to  be  received  re- 
versibly  along  some  such  line 
as  d'  a'  b,  with  the  tempera- 
ture of  the  working  substance 
\arying  from  Tg  to  T,.  Obvi- 
ously less  heat  is  received  than 
if  the  reception  had  been  iso- 
thermal, because  the  area  fd' 
a'be  ( =  fabe  —  ad'a')  is  less 
than  the  area  fabe.  The  work  s 
done  is  also  less  because  the  I 
area  dd'a'bcd  ( =  dt^  —  ad'a')  f: 
is  less  than  dabc.  But  since 
the  area  ad'a'  is  lost  in  both 
cases,  and  since  the  (smaller)  area  representing  work  is  affected 
more  than  the  (lai^r)  area  representing  heat  received,  it  follows 
that 
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A  similar  proof  would  show  that  the  rejection  of  heat  along  a 
line  such  as  b'c'  also  gives  a  cycle  which  is  less  efficient  than  thai 
with  isothermal  heat  rejection.* 

*  Coufuskin  is  Mmetimes  caused  by  the  apparent  contradiction  of  these  siaie- 
tnentsand  those  ^ven  as  propositions  (i)  and  (2)  in  Section  50.  It  should,  how- 
ever be  noted  that  a  verj-  distinct  limitation  is  put  upon  the  reversible  enj^nes 
considered  in  thai  section.  They  receive  all  their  heat  at  temperature  Ti  from  the 
hot  body  in  reversible  fashion  and  reject  re\'ersibly  to  a  cold  body  at  temperature 
Ti.  On  the  other  band,  engines  receiving  heat  along  such  a  line  as  i'a'.  Fig.  11, 
could  only  do  so  revereibly  by  employing  a  siring  of  hot  bodies  with  temperatures 
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Fig.  23.  —  Machinery  of  Constant- 
Volume  Regenerative  Cycle. 


contained  volume  is  assumed  to  be  negligible  compared  with 
that  of  either  cylinder. 

Imagine  the  piston  in  Fi  at  the  bottom  of  the  cylinder  and 
that  in  Y  at  the  top,  as  the  result  of  the  expansion  ab,  Fig.  22. 
Y  is  then  filled  with  a  gas  with  conditions  shown  at  6.  Now 
drive  the  right  piston  down,  thus 
forcing  the  gas  through  the  regen- 
erator, and  allow  the  left  piston  to 
rise  at  just  the  rate  necessary  to 
keep  constant  the  total  volume  of 
the  gas.  During  this  process  the 
regenerator  will  absorb  heat  and 
its  temperature  will  grade  from  T^ 
at  the  right  to  Tc  at  the  left. 
When  the  piston  in  Y  has  reached 
the  bottom  of  its  stroke  all  the 
gas  will  be  in  Fi,  the  piston  in  the 
latter  will  be  at  the  top  of  the  stroke,  and  the  constant-volume 
line  be  will  have  been  produced.  Now  hold  the  right  piston  sta- 
tionary, bring  the  cold  body  up  to  cylinder  Fi  and  force  the  pis- 
ton into  this  cylinder,  until  the  volume  occupied  by  the  gas  is 
that  shown  at  d,  in  Fig.  22.  This  will  produce  the  isothermal  com- 
pression. Free  the  piston  in  F,  continue  the  downward  motion  of 
that  in  Fi  until  it  reaches  the  bottom  of  its  cylinder,  and  simul- 
taneously allow  the  right  t>iston  to  rise  as  much  as  is  necessary  to 
keep  the  volume  constant.  This  will  give  the  line  da  of  the  dia- 
gram, and  the  gas  in  passing  through  the  regenerator  will  rise  in 
temperature  from  7^  ( =  Tc)  to  Tai=  T^).  Finally  fix  the  left  pis- 
ton in  its  position,  bring  the  hot  body  up  to  cylinder  F,  and  allow 
the  gas  to  expand  isothermally  from  a  to  b,  completing  the  cycle. 

Work  Obtained  per  Unit  Weight  of  Gas  by  Use  of 
Constant-Volume  Regenerative  Cycle. 

(d)  The  work  theoretically  available  from  an  engine  using  this 
cycle  can  be  found,  as  in  the  case  of  the  Carnot  engine  (see 
Section  49  (d),  by  summing  up  the  quantities  of  work  done 
during  each  process  of  the  cycle.  This  is  done  in  the  following 
tabulation  in  which  the  letters  in  the  first  column  refer  to  Fig. 
22.  It  is  evident  from  the  figure  that,  as  before,  the  ratios  of 
expansion  and  compression  are  equal.    Thus,  using  unit  weight, 
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bodies  external  to  the  actual  engine  —  i.e.,  the  hot  and  cold 
bodies.  The  heat  given  up  or  received  by  the  gas  during  the 
constant-volume  changes,  i.e.,  CriTi  —  Tz),  is  really  stored  and 
restored  reversibly  and  does  not  enter  or  leave  the  system. 

T^Diagram  of  Constant-Volume  Regenerative  Cycle. 

(g)    Fig.  24  shows  the  T^-diagram  of  this  cycle  as  abed  super- 
imposed upon  that  of  the  Camot  cycle  abc'd\     For  convenience 


Entropy 

Fig.  24.  —  T^-Diagram  of  ConstanlA'olume  Regenerative  Cycle. 
Same  temperature  range  as  in  Figs.  18  and  21. 

in  comparison  the  two  cycles  are  drawn  for  the  same  temperature 
range. 

The  lines  be  and  da  are  obtained  from  Eq.  (63)  and  are  e\'i- 
dently  parallel  curves.  The  areas  bc'c  and  ad'd  are,  therefore, 
equal,  hence  abed  must  equal  abc'd'.  Each  of  these  areas,  how- 
ever, represents  the  heat  converted  into  mechanical  energy.  The 
heat  supplied  in  each  case  is  shown  by  the  area  under  ab.  There- 
fore, the  heat  supplied  in  each  cycle  being  the  same,  and  the  work 
done  being  the  same,  the  efficiencies  are  equal. 

55.  The  Constant-Pressure  Regenerative,  or  Ericsson,  Cycle. 
The  PV-diagram  for  this  cycle,,  shown  in  Fig.  25,  differs  from 
the  cycle  last  considered  only  in  the  fact  that  the  regenerator  proc- 
esses are  carried  on  at  constant  pressure  instead  of  at  constant 
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56.  The  Cooscaxn-VcloxBe  Hcst-Chxnge, 
Otto,  or  Bean  de  Roduts  Cycle.  a  Pnis 
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-»;ir:?.  Heal  i-,  rejerte^l  10  the  cold 
li'/'ly  ;iIon;,'  the  line  rd,  the  pre-r:-ure  and 
T*-i:;:/«-r;iture  dropping  while  the  volume  | 
r'li;:::;-  '  on-tant.  *  £ 

b     '\\u:  rereption  of  heat  is  irreversi- 
hb\    -iijfc   the    iem[K'raiure   of   the   hot       Fig.  26. — 
\k»'\\    i-.  at  least  a^  high  as  that  which   Otto  Q-de.    Air 
ili»   VA^  attains  when  reaching  condition   suhstmoce.    Coaditiops  at  ft 

//.   ;ir.'l    tlierefon-    must    be  higher  than   s»n»e «s  tho*  at  a  in  F*  il 
,  ,    ,  1     •         I  iuid  lowest  proBiire  nine  m 

iImi  of  t!.c  si^-.i-  (luring  the  entire  recep-   jnthatcnac. 

tioii  of  heal  1Q\.     The  same  is  true  for 

i!m  irjrt  tir>n  of  licat  along  cd,  the  cold  IxkIv  ha\ing a  tempeiar 
lilt'-  .it  ica-t  as  low  as  that  of  the  gas  at  d.  This  case  is  the 
fir  t  our  ( itcrl  in  Srctirm  35  a^  a  process  intrinsically  irreversibfeii 
77//'.  t ytlr  is  not  only  irrn^ersihle,  but,  as  is  evident,  it  does 
not  fulfill  the  criterion  for  maximum  efficiency  (Section  53),  and 


GAS  CYCLES 


95 


hence  has  an  efficiency  lower  than  that  of  the  cycles  previously 
described.  It  is,  however,  the  only  one  of  the  four  gas  cycles 
so  far  considered  which  is  of  any  great  practical  importance. 

Mechanical  Energy  Obtained  per  Unit  Weight  of  Gas 

Operating  in  Otto  Cycle. 

(c)  The  following  tabulation   gives  the  mechanical   energy 
changes  for  each  line  per  unit  weight  of  gas: 


Line. 


ab 
be 
cd 
da 


Type  of  Change. 


Constant- Volume  Pressure  Rise 


Adiabatic  Expansion 
CcHistant- Volume  Pressure  Drop 


Adiabatic  Compression 


Work  in  Ft. -lbs.  Done  by 
Gas. 


o 

Rin^ 

-Tc) 

y  - 

1 

o 

R(Ta 

-Td) 

^-l 


The  summation  of  the  last  column  gives  the  net  work  per  cycle 
per  unit  weight  of  gas,  as 


Net  work 


FromEq.  (33), 


R 


7-1 


±-^(n-Tc-Ta+  Td)  ft.-lbs.    .     (76) 
is  equal  to  Kv,  giving 


Network  =  778 ^E  =  K^{Ti,-  Tc  -  Ta+  Td).    .     (77) 

(d)  This  same  result  could  have  been  obtained  more  briefly  as 
follows:  The  mechanical  energy  obtained  must  equal  A()i  —  A^2, 
when  measured  in  heat  units;  that  is,  AE  =  A^i  —  a(?2.  Since 
the  heat  changes  take  place  at  constant  volume,  A()i  =  C„ 
(n  -  To)  and  Aft  =  C.  (Tc  -  Td), 
hence,  in  ft.  lb.  units, 

778  A£  =  K,  (n  -  Ta)  -  K.  {Tc  -  Td) 
=  KATt-  Ta-  Tc+Td) 

which  IS  the  same  as  Eq.  (77). 
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Efficiency  of  Otto  Cycle. 


(e)  Writing 


and  substituting  in  the  last  form  gives 

pf  _C(n-  Ta)  -  C.  {Tc  -  Ta) 

'^•'-  c.  (n  -  r.) 

=  1--^'-^ (78) 

lb  —   la 

This  expression  can  be  further  transformed  and  simplified 
so  that  important  conclusions  can  be  easily  deduced.  Since  the 
curves  be  and  da  are  adiabatics,  Eq.  (51)  gives 

Since   Va  =  Vb  and   Ve  =  Vd 


and  therefore 


r  ^^  "^T       ana       "^        7^^  ^^  1^  •      •     •     •     v79/ 

b  ia  lb  —    la  la 


Td  Ta  —    id 


Substituting  from  this  in  (78)  gives 

£/.  =  1--^=--^^^^ (80) 

and  £/.  =  l-(^y"' (81} 

Thus  it  is  evident  — 

(i)  That  the  efficiency  of  this  cycle  is  independent  of  the  upper 
temperature,  but  depends  only  upon  the  temperature  range  of 
adiabatic  compression. 

(2)  That  with  the  same  value  of  Pa,  the  less  the  volume  of 
one  pound  of  gas  at  the  end  of  compression  the  higher  the  efficiency, 

(3)  That  with  the  same  temperature  Td,  the  higher  the  tem- 
perature at  the  end  of  compression  the  higher  the  efficiency. 

Eq.  (81)  shows  that  the  efficiency  of  the  cycle  may  vary  with 
different  real  gaseous  working  substances  because  the  value  of  7, 
as  shown  in  Table  I,  is  not  the  same  for  different  gases.  This 
is  in  marked  contrast  to  the  cycles  previously  considered,  where 
the  efficiency  could  be  expressed  entirely  in  terms  of  the  tern- 
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peratures  of  the  hot  and  cold  bodies,  and  where  the  efficiency 
was  independent  of  the  individual  characteristics  of  the  gaseous 
working  substances. 

Writing  the  Carnot  efficiency 


Ti- 

^*-l 

r, 

Tt 

—    1 

r. 

and  the  Otto  efficiency 

r.- 

Ta 

1       ^''- 

^ 

r, 

T, 

'     r,- 

Ta 

inspection  shows  that  for  the  same  upper  and  lower  tempera- 
tures the  Otto  efficiency  must  be  the  smaller,  as  Ta  must  be  less 
than  Ti. 

T<t>  -Diagram  of  Otto  Cycle. 

(f)  In  reality  the  T^diagram  of  this  cycle  cannot  be  drawn 
by  the  same  means  that  was  used  in  the  preceding  cases,  for  the 

reason  that  in  Chapter  VII  the  equation  A4>  =   j  -^  '^^^  proved 

for  reversible  processes  only, 
whereas  two  processes  in 
this  cycle  are  irreversible 
(<c*e  I'b)). 

It  is  possible,  however,  to 
draw  a  T<t)-diagram  for  this 
case  by  making  use  of  the 
fact  that  the  entropy  change 
anompanying  an    alteration 
from   any  given  condition  to 
another   must  always  be  the    g 
^ame,    no    matter    how    the    B 
change  from  the  first  state  to    |. 
the  second  occurs. 

To  find  the  entropy 
changes  occurring  as  the  gas 
rc-ceivt^  heat  along  the  line    J''^'  ^T.-T^-Diagram  of   Otto  Cycle. 

•     •       1  I       Air  as  working  substance.     Same  tem[)era- 

ab  in  fig.  27,  It  IS  then  only  ^^^  ^^^^^  ^^  ,^^j  i„  pj^^   ^g  and  m. 
necessarv  to  discover  some 

reversible  method  of  supplying  the  same  amount  of  heat  in  such  a 
way  that  the  condition  of  the  gas  at  every  individual  point  on 
ab  will  be  the  same  as  when  the  heat  supply  is  irreversible. 


Entropy 


I .-.  t  if-.ii.ns  :r:i'.*>*  v.-iUii  -^uir  :mm  :he  use  ot  a  series 
-'■  ir-  VIM  -.-rni:frtrar»<  ^uie.i  :r)in  T,  :o  F-,.  The  gas 
■-::  '^.-."r  -  -.ti'n  ni-r*rnrn"  »  ie.ir  :r:m  i  r»i<er\'oir  having 
-.  -If    .-rrirr-ri   :r-  l-    "  :•  -•iT--r*-:i  ir  "ne  -.nsicanL.  and  there- 


«"S.  , 


I 


•.I-  ><*'  ■  ".::-  *-'.:.i.~--  r  - -r-  7  r-iia^^m  :an  be  drawn  as 
-  ,  z'  7'-.«-  ::.i^-t":  :  •:-  :^.-?  i;:.»V'  -iie  -iame  charij^es 
.-     ...-r-^--:-:         pv  ..-     n:  ::.i--:>  .::  yv;    zr.     The  dotted 

r-    Tie  C'lCSTjar-Pressure  Haar-Adiiitian,  Brayton,  or  Joule 
:,»        1      7*-:-  ••  ■•      -i.t  ■"-•:   .L-~    -'  IT.  •'^■fCL'rsiCie  one  in  the 

, -. ••*!"-:•  •:■  "a—-:-:  -ler-.'se.  irac  it  i:?  impor- 

:.ir.:  -e.:a->r:  :c  :-^  prictitjal  application 

J.    -    -     -rr*^*  rcrciisfe*  whi«:h  will  be  con- 

-I'i-rr*:   .a:fr      I:  L?  r.-.w  necessar\*  to 

-     i-rr/T  :*e  ::.7e  e':u-i*'Ions  for  the  cycle. 

^.  L-  -i-  >:r-r.  :  r.v  :r.  :he  rrecedinc  cases. 

'        ^  •        r  c    -"*  '?""*^  ""•r  T-^uIe  cycle  drawn 

:        V  :     p\  ■:  .  r::r.a:es      Sraning  at  a,  heat 

>    li:--:  :     :'"e  w  rking  substance  by 

- -.-  -   •  '••!>■  v"'-rne>  and  tetnperature 

%  •    :r.  --:  :.'!'"^  .::  ■:  r.<:ant  pressure,  until  the 

N^  --.  ir.:  -  :-  rrjaoh^-i.     obviously  the  tem- 

■    :  T.-r.-'.-T'-  r..  i'i  the  hot  body,  must  be 

1-  !-.:i-:  a-  hi^h  as  that  of  the  gas  at  ft, 

^  *    .ir.'i  t;>.reii«re  hiphi-r  than  that  of  the 

1        V  -  ~    :    J.,  a:   :.     The  heat  addition  is  there- 

I     '  ■  ■  '    '      '■    -    :  iTi'  irrov«.r-i!»le. 

^  Fr-irn  '»  the  gas  expands  adiabaticaily 

'  "   ,    '     ■ '  :'•'■■'■•-      ., ,  -  ^}^^^.„  rejects  heat  irreversiblv,  main- 

I      1 1 1    I    1 1-  ^ 

T. lining  omstant  pressure  until  the  vol- 
I'/  i-  ir.nhiMl.  an«i  i-  then  compressed  adiabaticaily  too, 


iiiiii 


'  '.tiiiilt  liiii.  ilii»  i'v«  h". 
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Mechanical  Energy  Obtained  per  Unit  Weight  of  Gas 

Operating  in  Joule  Cycle. 

(b)    As  before,  the  useful  effect  per  unit  weight  of  gas  can  be 
found  by  tabulation.     Thus: 


Line. 


ab 
be 
cd 
da 


Type. 


Constant-Pressure  Expansion 
Adiabatic  Expansion 
Constant-Pressure  Compression 
Adiabatic  Compression 


Mechanical  Energy  (Ft.-lbs.) 
Made  Available. 


+  Pa  (Vb  -  Va) 
PbVb  -  Pc^e 


+ 


7 — 

1 

-  Pc  (V« 

-Vd) 

PoVa- 

PdVd 

The  summation  of  the  last  column  gives  for  the  cycle 


Net  Work  =  Pa  (Vb  -  Va)  + 


P5V5  -  PcYc 


7-  1 


-  Pe  (Ve  -  Va)  -  ^-^ ^-^'  ft.-lbs. 

y  -  1 


(82) 


(c)  This  expression  could  be  simplified,  but  it  is  hardly  worth 
while,  as  a  shorter  one  can  be  obtained  more  easily  in  the  follow- 
ing manner. 

Writing  available  mechanical  energy,  or  work  done,  as 

AE  =  (A^i  -  AQi)  B.t.u., 
it  follows  from  the  character  of  the  lines  ab  and  cd  that 


and 


=  Cj,{T^  -  Ta-  Tc+  Td)  B.t.u. 

778  AE  =  Kj,  (T,  -  Ta)  -K,{Tc-  Ta) 
=  Kp  (n  -  Ta-  T,+  Ta)  ft.-lbs. 


.     (83) 


(84) 


^i\ 


;'0'--'''' 


IOC 


BEAT-rom-EM  ESSaSEEUMG 


d    Since 


i:  :::^>t  be  in  this 


Ef. 


of  JodeC^de. 


^ — ^Qr~ 


c, '.  r»  -  r.)  -  c,{T,-Tit 


1  — 


(85) 


n  -  r. 

T>.i>  can  be  further  simplified  by  using  Eq.  (52).     From  this 


•.-1 


■»-! 


rhe-.  5 


p.  =  i»»    and    Pd''P„ 

r»    r.    r»  -  r. 

iruting  this  in  Eq.  ^85^  gives 


1   £'=i-p. 


(86) 


a  result  similar  to  that  obtained  for  the 
Olio  c\*de. 

The  last  equation  can,  by  simple  sub- 
stitution, also  be  iRTitten 


^'— (H)' 


(87) 


< ^ 


IV. 


s-.:' »•■•;•    r 


I"'.' 


which  is  likewise  similar  to  the  corre- 
>-v^nding  form  for  the  Otto  c>'cle. 

m 

To-Diagnun  of  Joule  Cyde. 

e     By  replacing  the  irreversible  iso- 
;   Juries  by  equi\'alent  re\"ersible  proces- 
ses, the  To-diagram  to  represent  this 
'    cycle  can  be  constructed,  as  was  done 
' /\/:   tor  the  Oito  cycle;  but  as  this  diagram 


il.iilx 


':\N-. 


1 .1:   . » 


t>  of  little  practical  \-alue  it  will  be 
omitted. 


58,   The  Diesel  Cycle.     >  a^   This  cycle,  drawn  to  PV-coOidi- 
natos.  is  shown  in  Fi^.  ^o.    The  heat  is  added  from  the  hot  body 


1 
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during  the  constant-pressure  expansion  a6,  and  then  the  gas  ex- 
pands adiabatically  from  b  to  c.  Heat  is  discharged  to  the  cold 
body  while  the  pressure  of  the  working  substance  decreases  from 
c  to  (f  at  constant  volume.  The  cycle  is  closed  by  the  adiabatic 
compression  da.  The  Diesel  cycle  is  irreversible  for  the  same 
reasons  that  the  Otto  and  Joule  cycles  are. 

Mechanical  Energy  Obtained  per  Unit  Weight  of  Gas 

Operating  in  Diesel  Cycle. 

(b)    As  before,  the  amount  of  mechanical  energy  made  avail- 
able can  be  found  by  tabulating: 


Line. 


ab 
be 
cd 
da 


Character. 


Constant-Pressure  Expansion 


Adiabatic  Expansion 
Constant- Volume  Pressure  Drop 


Adiabatic  Compression 


Work  (Ft.-Lbs.)  Done  by 
Unit  Weight  Gas. 


-h  Pa  (V6  -  Va) 
PhVh  -  PcVc 


4- 


o 

PaVa  -  PdVd 
7-  1 


The  summation  of  the  last  column  gives  for  the  cycle 


Net  Work  =  778  AE  =  Pa  (Vt  -  Va)  + 


7-1 


PaVa   -    PN. 


d^d 


y-  1 


ft.-lbi 


(88) 


(c)  This  expression  need  not  be  simplified,  since,  as  in  prexious 
cases,  there  is  a  more  convenient  way  of  finding  a  short  ex- 
pression for  the  work  done.     Writing 

^E  =  (A(3i  -  AQ2)  B.I.U., 

it  follows  that,  in  the  case  of  the  Diesel  cycle, 


^E  =  Cp{Tb  -  To)  -  CAT,.  -  T,i)  B.t.u.    . 


(89) 


and 


778  A£  =  Kp{n-  To)  -  A'.  ( T,  -  T,)  ft. -lbs.     .     (90) 
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(d)   Writing 


Efficiency  of  Diesel  Cycle. 


the  efficiency  in  this  case  must  be 

f  _  C^{n-  T,)-C,  {T.-Tj) 


;  -  rj 


(91) 


This  has  the  same  form  as  Eq.  (85),  for  the  efficiency  of 
the  Joule  cycle,  with  the  exception  of  the  introduction  of  I/7. 
It  should,  however,  be  noted  that  the  temperature  term  is  not 
numerically  the  same  in  both  cases,  on  account  of  the  difference 
in  the  shape  of  the  two  cycles. 

(e)  By  substituting  reversible  processes  for  the  irreversible 
ones,  a  T0-diagram  equivalent  to  this  cycle  can  be  constructed. 


GAS  CYCLES  —  TABLE  III 


CYCLE 

WORK-FT.LBS. 
PER  LB.  OF  GAS. 

BPPICIENCY 

NAME 

PV-OIAGRAM 

GENERAL 

Any  Number 
\;;«\      ofProcewet 

«  Area  EDclowd  (A) 
=AQ,x  Eir.«778. 
=778  AE 
=778(AQ,-AQ«) 

^amuli  -r  £flbrt 

CARNOT 

>^                an,l 

-CTf-T,)Rlog.r 

STIRLING 

k  ,Xj        laothcnnala 
VA               anil 
l.y^         I*M>v-<iliimk'a 

ti 

II 

ERICSSON 

^»             and 
%              Isobnrics 

1 1 

II 

OTTO 

^l             AdintMtk'v 
d      Iw>voluiui»'ii 

=  K,(T,-tT,+TJ 

-<-R)-(r 

DRAYTON 

CJR 

JOULE 

"f>               AdittlMtJOU 

\^              i.ii.i 

=Kp(T,-T„-T,+T^) 

II 

1 

DIESEL 

nh           Adiiib-itii>t« 
\V.f     l>ub:iri>>  niid 
d      Ltovoluiulc 

=  KA-T„)-K,(T.-T^) 

\ 


CHAPTER   IX. 

VAPORS. 

59.  Vapors  and  Gases.  When  materials  change  from  the 
liquid*  to  the  gaseous  state  they  do  not  immediately  reach  the 
condition  in  which  their  behavior  even  approximately  obeys  the 
laws  of  ideal  gases.  It  is  customary  to  designate  materials  as 
Vapors  when  in  this  intermediate  condition.  It  will  appear 
later  that  when  strictly  interpreted  the  term  vapor  will  apply  to 
many  of  the  materials  with  which  the  engineer  deals  and  which 
he  is  accustomed  to  call  gases. 

60.  Formation  of  Vapor,  (a)  When  a  liquid  is  heated  under 
constant  pressure  its  temperature  will  first  rise  until  it  reaches  a 
certain  temperature  which  is  dependent  upon  the  pressure  under 
which  it  exists;  after  which  further  addition  of  heat  will  cause 
some  of  the  material  to  change  physical  state  at  constant  tem- 
perature, this  temperature  being  the  one  fixed  by  the  pressure 
existing.  The  amount  of  material  that  has  changed  state  will 
increase  as  this  further  addition  of  heat  progresses,  and  if  sufficient 
heat  is  added  all  the  liquid  present  will  thus  change  its  state. 
The  material  formed  during  this  change  of  state  is  called  a  vapor. 

(b)  Considering  the  process  for  the  first  time,  one  would 
recognize  two  possible  methods  of  formation  of  vapors,  and 
without  previous  knowledge  would  not  be  able  to  decide  be- 
tween them.     Thus: 

(i)  The  liquid  as  a  whole  might  gradually  change  from  liquid 
to  vapor,  all  of  it  being  at  anyone  time  in  exactly  the  same  con- 
dition of  transformation.     Or, 

(2)  Parts  of  the  liquid  might  progressively  change  to  vapor  as 
the  necessary  heat  became  available ,  leaving  the  remainder  still 
in  the  form  of  Hquid. 

Usually  vaporization  occurs  by  method  (2),  and  as  heat  is 
added  more  and  more  vapor  appears  at  the  expense  of  liquid. 

*  Or  directly  from  the  solid,  as  in  "  sublimation." 
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Fig.  30. 


Thus  when  one-fourth  of  the  total  heat  necessary  for  complete 
vaporization  is  added  one-fourth  of  the  liquid  will  be  vaporized, 
and  so  on  until  vaporization  is  complete. 

(c)  In  the  sections  which  follow  the  generation  of  vapor  may 
be  conveniently  studied  by  imagining  the  process  carried  out  la 
the  device  illustrated  in  Fig.  30.  It 
consists  of  a  vertical  cylinder  with 
closed  end  down,  containing  a  friction- 
[ess  piston  of  given  weight,  —  all  being 
placed  under  a  bell  jar  in  which  a  per- 
fect vacuum  is  maintained. 

Assume  now  that  one  pound  of  liq- 
uid is  inclosed  in  the  cylinder  beneath 
the  piston.  The  total  pressure  on  the 
upper  surface  of  this  liquid  will  be 
that  due  to  the  weight  of  the  piston, 
and  since  it  is  evenly  distributed  over 
I  the  entire  surface  it  may  be  desig- 
nated as  P  pounds  per  square  foot  of 
surface. 

Any  liquid  may  be  used  and,  in  general,  may  have  any  tem- 
perature between  that  of  solidification  and  that  of  vaporisation 
at  the  chosen  pressure.  It  is,  however,  customary  to  assume  the 
temperature  at  a  convenient  value  dependent  on  the  physical 
characteristics  of  the  liquid  dealt  with. 

Ill  the  case  of  water,  and  of  all  other  liquids  for  which  such  a 
temperature  is  at  all  convenient,  the  engineer  is  accustomed  to 
refer  all  vaporization  phenomena  to  a  datum  temperature  of 
32°  F.  As  this  is  the  melting  temperature  of  ice  under  onfi- 
nary  renditions,  it  is  readily  checked  and  is  hence  a  very  satis- 
factory standard. 

Ti)  make  the  results  of  the  process  under  consideration  coo- 
fonn  ui  the  enpncering  reality,  the  liquid  beneath  the  {NStoo, 
in  Fiji;.  30,  will  l>e  assumed  at  32°  F. 

61.  Heat  of  the  Liquid,     (a)    If  heat  is  added  to  the  liquid 

Ix'iR-aih  the  piston  in  Fig.  30,  the  temperature  will  rise  and,  in 
tliu-  case  of  water,  at  the  approximate  rate  of  i*  F.  for  each  B.t.u^ 
sJLui.-  ilie  siKicilic  heal  of  water  at  constant  pressure  is  apprcsi- 
matuly  i.     In  any  case  the  rise  will  take  place  at  the  rate  of 
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*  V.  for  each  addition  of  heat  equal  to  Cp,  the  constant-pressure 
cific  heal  of  the  liquid  dealt  with.  This  will  continue  until  a 
Cn)t>erdtur€  is  reached  at  which  vaporization  begins.  This  tem- 
erature  will  depend  upon  the  value  of  the  pressure,  and  in 
ny  case  has  to  be  determined  by  experiment.  Thus  with 
■aler  at  atmospheric  pressure  (equal  to  14.7  pounds  per  square 
tell,  or  14.7  X  144  =  2i]6.8  pounds  per  square  foot),  the  tem- 
icrature  will  be  212°  F.;  while  for  a  pressure  of  100  pounds  per 
quare  inch  (equal  to  too  X  144  =  14.400  pounds  per  square 
otj  the  temperature  will  \>c  about  327°  F.  These  various  tem- 
leratures  are  called  the  Temperatures  of  Vaporization  and  will 
;  designated  by  the  symbols  /„  and  T,  respecti\'ely  for  Fahr. 
I  Absolute  temperatures.  When  it  is  necessary  to  indicate  a 
nrticular  tL'm|)erature,  the  corresponding  pressure  in  pounds 
ler  square  inch  will  follow  the  subscript  r;  thus,  the  tempera- 
hire  Fahr.  of  vaporization  at  atmospheric  pressure  would  be 
!  or  temperature  absolute  T,h.t. 
(b)  The  heat  added  during  the  process  of  raising  the  tempera- 
e  from  32',  or  other  datum  level,  to  the  temperature  of  vapor- 
iXation  is  called  the  Heat  of  the  Liquid  and  is  designated  by  g. 
bviouiily  it  has  a  different  value  for  every  different  pressure 
1  it  is  customary  to  tabulate  these  values  with  others  in  so- 
■Iled  Vapor  Tables.     In  general 


dT. (92) 

le  integration  being  performed  between  the  datum  tempera- 
ire  as  the  lower  limit  and  the  temperature  corresponding  to  the 
sure  in  question  as  the  upper  limit. 

If  the  specific  heat  of  water  were  exactly  equal  to  unity  at  all 
Rlpcratures,  the  value  of  g  for  this  materia!  for  any  temperature 

pressure  of  vaporization  could  be  found  from  the  equation 

?  =  (,  -  32; (93) 

id  since  these  values  vary  but  slightly  from  those  determined 
r  cKperimvnl.  this  equation  is  often  used  by  engineers.  For 
curate  work  the  experimentally  determined  values  given  in  the 
earn  tables  should  l>c  used. 

(c)  Eq.  fgj)  could  not  be  used,  even  as  an  approximation, 
ith  any  liquid  oiher  (han  water,  since  it  depends  upon  the 
sumption   tJiat   the  specihc   heat  of  the  liquid   is  invariably 


=  ^' 
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equal  to  unity.  If,  as  before,  the  specific  heats  of  liquids  at  con- 
stant pressure  are  designated  by  Cp,  and  if  they  are  assumed  con- 
stant over  the  ranges  of  temperature  considered,  the  equation 

(Z  =  Cp  (/•  -  32) (94) 

may  be  used  in  determining  the  heat  of  the  liquid  for  any  tem- 
perature or  pressure  of  vaporization.  Note  that  there  are  liquids 
which  vaporize  at  ordinary  pressures  below  the  temperature  of 
32°  F.  In  such  cases  a  datum  temperature  lower  than  32®  may 
be  taken  from  which  the  heat  of  the  liquid  is  calculated.  This 
necessitates  a  different  form  of  equation.  In  its  most  general 
expression  this  would  become 

q  =  CAT,-To) (95) 

where  To  stands  for  any  arbitrarily  chosen  datum. 

62.  Latent  Heat  of  Vaporization,  (a)  Consider  now  the  pound 
of  liquid  which  has  been  raised  to  the  temperature  /».  With 
further  addition  of  heat  vaporization  occurs.  The  marked  char- 
acteristics of  vaporization  under  the  assumed  conditions  are  (i) 
the  very  great  increase  of  volume  at  constant  temperature  and 
pressure,  (2)  the  change  of  the  physical  state  of  the  material  from 
liquid  to  vapor,  and  (3)  the  enormous  quantity  of  heat  absorbed, 

(b)  The  process  carried  out  in  the  apparatus  of  Fig.  30  would 
result  in  driving  up  the  piston  to  some  higher  position  in  the 
cylinder,  against  the  pressure  exerted  by  that  piston  on  the  upper 
surfac  e  of  the  vapor.  Evidently,  here,  force  would  act  through 
distance  and  therefore  external  work  would  be  done.  This 
work  could  not  be  done  without  a  supply  of  energy,  and,  since 
heal  energy  is  the  only  form  supplied  during  the  process,  it 
folhnvs  that  at  least  some  of  this  heat  must  have  been  used  for 
the  doing  of  the  external  work.  Let  F  be  used  to  designate  the 
area  of  the  piston  face  in  square  feet,  and  L  the  number  of  feet 
the  piston  is  moved  during  the  vaporization  of  the  entire  pound 
of  licjuid  under  consideration. 

Then  the  fcx)t-poun(ls  of  external  work  done  per  unit  weight 
are 

778  AE  =  (PF)  L, 

which,  rearranged,  becomes 

778  AE  =  P  (FL)  =  P  (V2  -  FO.      ...     (96) 
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where  Vi  represents  the  volume  occupied  by  the  liquid  and  Vi 
that  occupied  by  the  vapor.  It  is  customary  to  designate  the 
increase  of  volume  (Vi  —  Vi)  by  the  letter  u,  hence  the  external 
work  done,  in  foot-pounds,  is 

778  A£  =  Pi/, (96a) 

and  its  value  in  thermal  units  can  be  found  by  dividing  Pu  by 

778.     Representing— ^ by  A,  the  expression  for  the  B.t.u.  of  heat 

775 

used  in  the  doing  of  external  work  becomes 

A£  =  APu (97) 

This  quantity  is  called  the  External  Latent  Heat  of  Vaporiza- 
tion.  It  has  a  different  value  for  every  diflferent  pressure  at 
which  vaporization  takes  place,  and  these  values  are  tabulated 
in  the  Vapor  Tables  already  mentioned. 

It  is  very  necessary  to  observe  that  the  term  external  "  latent 
heat "  is  a  misnomer.  The  heat  used  for  the  doing  of  external 
work  does  not  exist  as  heat  energy  in  the  vapor,  for,  during  the 
process  of  vaporization,  it  is  changed  into  mechanical  energy 
which  is  extraneous  to  the  vapor  itself.  The  case  is  somewhat 
similar  to  isothermal  expansion  of  a  gas.  This  heat  is  con- 
verted into  mechanical  energy  as  rapidly  as  received.  Hence,  in 
a  piston  engine,  the  external  latent  heat  may  be  considered  as 
external  work  delivered  by  the  piston  rod.  If  the  energy  after 
reception  can  be  said  to  be  **  latent,*'  it  must  be  latent  mechani- 
cal energy  and  not  latent  heat  energ>'.  It  is  stored,  if  stored  at 
all,  in  the  piston  or  other  similar  part  of  the  apparatus,  and  is 
in  no  sense  in  the  vapor. 

(c)  Experiment  shows  that  the  heat  used  during  the  process 
of  vaporization  is  not  all  accounted  for  by  the  external  latent 
heat.     Inspection  of  Eq.  (i), 

AQ  =-  AS  +  M  +  A£, 

suggests  the  reason.  In  this  case  A^  represents  the  heat  added 
to  vaporize  the  liquid.  As  the  temperature  does  not  change 
during  vaporization,  no  heat  can  be  used  as  sensible  heat,  hence 
AS  =  o;  but  some  of  it  may  be  used  for  the  doing  of  internal 
work,  A/.  In  fact  the  striking  change  of  properties  during  this 
process  could  not  occur  without  a  very  great  readjustment 
within  the  material.     The  part  of  AQ  which  does  not  become 
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external  latent  heat  is  supposed  to  be  used  for  doing  this  internal 
work,  and  is  therefore  called  the  Internal  Latent  Heat.  It  is 
designated  by  the  symbol  p  and  is  tabulated  in  the  Vapor  Tables. 

Recent  work  has  led  to  the  conclusion  that  liquid  water  is  a 
more  complex  material  than  was  originally  supposed.  It  seems 
probable  that  instead  of  being  simply  a  collection  of  molecules 
with  formula  H2O  it  is  really  a  mixture  of  at  least  three  different 
kinds  of  molecules,  H2O,  (H20)2  and  (H20)8.  It  also  seems  prob- 
able that  during  the  formation  of  vapor  some  of  the  more  com- 
plex molecules  break  up  into  simpler  form.  If  this  is  so,  a 
possible  use  of  at  least  part  of  the  Internal  Latent  Heat  in  the 
case  of  water  becomes  evident  since  it  would  be  used  for  break- 
ing up  the  complex  molecules.  **  Internal  **  latent  heat  would 
then  be  a  correct  name  to  apply  to  this  part  of  the  heat  as  it 
is  latent  within  the  substance,  though  there  is  room  for  argu- 
ment as  to  whether  it  is  latent  as  heat. 

(d)  The  sum  of  the  two  latent  heats,  p  and  APu,  is  called  the 
Total  Latent  Heat  of  Vaporization,  and  is  designated  in  the 
tables  by  r.     Thus  r  =  p  +  APu 

63.  Total  Heat  per  Pound  of  Vapor,  (a)  Using  symbols,  the 
total  heat,  above  the  arbitrarily  chosen  datum  temperature,  per 
pound  of  vapor  at  any  pressure  P,  is  the  sum  of  the  sensible 
heat,  the  internal  latent  heat,  and  the  external  latent  heat;  thus 

It  IS 

qp  + Pp  + (APu)p==  qp  +  rp,    ....     (98) 

and  calling  this  X  gives 

K  =  Qp  +  rp, (99) 

which  is  also  given  in  the  tables. 

(b)  Had  the  addition  of  heat  in  the  process  under  considera- 
tion ceased  before  the  entire  pound  of  liquid  had  been  vapor- 
ized, the  cylinder  would  have  contained  both  vapor  and  liquid 
at  the  same  temperature.  Representing  by  y  the  fraction  of  the 
total  pound  vaporized,  the  "  heat  of  the  vapor  **  *  present  must 
be 

A(3'  =  yqp  +  ypp  +  y  (APu)p 

*  The  expression  "  heat  of "  will  hereafter  be  used  to  designate  the  quantity 
necessary  to  bring  the  material  in  question  to  the  condition  under  consideratioii, 
either  from  liquid  at  datum  temperature  or  from  liquid  at  the  temperatuie  of 
vaporization.    The  context  will  indicate  which  is  referred  to  in  any  case. 
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and  that  of  the  remaining  liquid  must  be 

AQ"'  =  (1  -  y)  gp, 
hence  the  total  heat  of  the  material  in  the  cylinder  is 

AQy,  =  AQ'  +  AQ^' 

=^  Qp  +  ypp  +  y{^P^)p    ....     (100) 

i 

=  ap  +  y^p^ (looa) 

which  will  be  equal  to  Eq.  (98)  when  3^  =  1,  that  is,  when  the 
entire  pound  has  been  vaporized. 

64.  Saturated  Vapor,  (a)  The  process  assumed  in  the  pre- 
\ious  sections  is  really  more  or  less  idealized.  In  real  cases, 
such  as  that  taking  place  in  the  steam  boiler,  the  vaporization 
does  not  progress  so  quiescently  that  the  vapor  separates  en- 
tirely from  the  liquid  and  collects  above  it  in  the  simple  fashion 
already  described.  Instead,  the  formation  of  vapor  is  gen- 
erally more  or  less  violent,  and,  in  separating  from  the  body  of 
the  liquid,  the  vapor  carries  with  it  small  drops  of  that  liquid 
still  unvaporized  but  mechanically  entrained.  These  may  often 
be  carried  great  distances  by  a  stream  of  vapor,  and  their  sepa- 
ration from  that  vapor  frequently  presents  considerable  diffi- 
culty. 

(b)  Such  mixtures  of  vapors  and  liquids  are  called  Wet  Vapors, 
to  indicate  the  presence  of  the  liquid;  and  when  the  entrained 
moisture  has  been  entirely  eliminated  the  material  is  called  Dry 
Vapor.  Since,  under  the  conditions  assumed  in  connection  with 
f^ig-  30»  ^he  liquid  must  all  be  raised  to  the  temperature  of 
va[)orization  before  any  of  it  can  be  converted  into  vapor  at  the 
s^ime  temperature,  it  follows  that  the  vapor  and  liquid  in  such  a 
wet  mixture  are  in  thermal  equilibrium;  that  is,  if  there  is  any 
tendency  for  heat  transfer  from  liquid  to  vapor,  there  is  an  equal 
tendency  towards  transfer  in  the  opposite  direction.  With  no 
heat  lost  to  surrounding  materials,  such  a  mixture  would  main- 
tain a  constant  composition  indefinitely. 

\'a[X)r  when  in  thermal  equilibrium  with  its  liquid  is  called 
Saturated  Vapor.  It  is  termed  Wet  Saturated  Vapor,  or  simply 
Wet  Vapor,  if  containing  entrained  liquid  and  Dry  and  Saturated 
Vapor,  or  simply  Dry  Saturated  Vapor,  if  free  from  moisture  in 
suspension. 
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c  At  different  presoures  the  quantity*  of  heat  necessary  to 
maintain  materia]  in  the  cxxiditioti  of  dry  saturated  vapor  has 
different  \aliies.  being  greater  the  higher  the  pressure.  Abstrac- 
tion of  heat  uithout  change  of  pressure  (and  therefore  without 
change  of  temperatine>  will  cause  partial  or  total  condensation, 
but  any  vapor  remaining  will  still  be  saturated  vapor  exacdy 
like  that  which  existed  before  condensation  ocxuiied.  There- 
fore saturated  vapor  may  be  described  as  \'apor  so  near  the 
point  of  liquefaction  that  the  remo\'al  of  the  slightest  quantity 
of  heat  will  produce  partial  condensation.  Or  (see  following 
paragraphs)  it  may  be  described  as  vapor  in  wkich  ike  wuiximum 
number  of  molecults,  consistent  with  the  maintenanoe  of  a  vapo- 
rous state  at  the  given  pressure,  exist  in  a  gtven  space. 


65.  Quality,  (a)  Practically  all  saturated  \-apors  in  actual 
use  contain  some  entrained  moisture,  and  it  is- often  necessary  to 
express  just  how  much  of  each  pound  of  such  a  mixture  is  liquid 
and  how  much  is  \-apor.  This  is  done  by  using  the  fracrtion 
representing  the  proportion  of  mixture  which  is  really  saturated 
vapor.  This  fraction  is  denoted  by  x,  and  is  called  the  Qoalilj 
Factor,  or  Quality  of  the  x-apor  or  mixture. 

Thus  if  X  is  J,  or  75  per  cent,  it  means  that  three-quarters  of 
every  pound  of  mixture  is  vapor  and  the  other  quarter  is  liquid. 
The  quality  of  the  mixture  would  then  be  said  to  be  75  per  cent. 

(h)  The  heat  content  above  datum  temperature  of  such  a 
mixture  could  obviously  be  found  by  putting  x  in  place  of  >  in 
E(\.  (100),  since,  so  far  as  associated  heat  is  concerned,  it  makes 
no  difference  whether  the  vapor  and  liquid  are  separated  or 
intimately  mixed.  For  wet  \'apor  of  quality  x,  the  total  heat 
abfjve  datum  temperature  is  then 

^Qxp  =  qp  +  xpp  +  X  (APu)p  =  ff,  +  X  fp.      .     (loi) 

66.  Superheated  Vapor,  (a)  Having  converted  an  entire 
pounfl  of  liquid  into  dr>'  and  saturated  vapor  in  the  apparatus 
of  FJK-  3^^  i^s  condition  may  be  further  modified  if  the  addition 
of  Ileal  is  still  continued.  Experiment  shows  that  this  further 
addition  causes  the  temperature  of  the  vapor  to  rise  above  that 
which  (\\isied  during  vaporization.  This  process  is  known  as 
suiK-rheaiing,  that  is,  raising  above  the  saturation  temperature 
corresponding  to  the  existing  pressure.    The  material  formed  is 
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sated  Vapor,  and  ir  becomes  more  and  more  like 
n  ideal  gas  as  its  temperature  is  raised  at  constant  pressure. 
Thus  iV  increases  in  volume  K-tth  the  addition  of  heat,  ant]  a  given 
pace  must  hold  fewer  and  fewer  molecules  as  the  rise  of  lemper- 
ture  continues. 

(b)   To  make  the  meaning  of  the  term  "  saturated  "  clearer, 
magine  a  superheated  vapor  to  be  cooled,  at  constant  pressure, 
y  the  removal  of  heat.       As  temperature  decreases  the  vol- 
'i  also   becomes   less,  and   any  given  space   holds  more  and 
Bore  molecules  until  the  temperature  of  vaporization  is  reached, 
I  whidi  point  the  material  is  reduced  to  the  saturated  condi- 
on.      There  is  then,  in  a  given  space,  the  maximum  number  of 
loleculcs  which  can  exist  as  vapor  under  the  conditions  obtain- 
ng;  and  further  removal  of  heat  would  allow  some  of  these  to 
ullcct  and  form  molecules  of  liquid,  —  that  is,  it  would  cause 
tanjal    condensation.     The    material    remaining    uncondeused 
wuld  still  be  saturated  vapor,  and  with  further  removal  of  heat 
i  and  more  of  it  would  condense  until  finally  all  would  be- 
e  liquid,  if  the  removal  of  heat  were  continued  sufficiently  far. 


67.  Heat  per  Pound  of  Superheated  Vapor.  The  amount  of 
leat  added  during  su[)erheating  at  constant  pressure,  to  any 
■mperature  7",.  as  described  above,  depends  upon  two  things,  — 
1  the  degree  of  superheat,  which  will  be  called  D  and  equals 
T,  —  T.),  and  on  the  specific  heat  Cp  of  the  vapor.  Then  the 
eat  addi>d  during  superheating  would  be  given  by  the  follomng 
]uation  if  Cp  happened  to  be  a  constant: 

AQd  =  C„D {102) 

'be  total  heat  (above  datum  temperature)  of  one  pound  of 
iperheaied  *  vapor  would  be 

AQ,=  ,i^  +  P„  +  (AP„)^-i-C,D    .     .     .     (103) 

=  qp  +  r^  +  C\D  =  Xp  +  C\D.     .     .  (103a) 

•  iUccM  ciperimcni  has  ihown  thai  linufil  water  can  exin  for  a  con^'derable 
Bglk  of  tim*  wtiliia  a  mass  ol  superheated  steam,  despite  Ihe  [act  that  the  Iwo 
e  not  fa  Ihormitl  cciuilibrium.  This  fact  must  sometimes  be  taken  into  account 
tieaBaf!  wifh  lupethtsitcd  steam  in  pracljcal  problems,  when  sulhdeni  lime  does 
K  tUimo  to  Estabtisb  thermal  cquilibiium.     The  heat  per  pound  a!  such  a  mixture 
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p  +  xCpD. 
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68.  Diagram  of  Heat  Changes  during  Vaporization,    (a)  The 

heat  changes  associated  with  the  process  of  vaporization  can  all 
be  graphically  represented,  as  in  Fig.  31,  by  plotting  temperature 
as  ordinates  and  heat  added  as  abscissas.  The  figure  is  for 
water,  but  a  similar  diagram  could  be  drawn  for  any  material 
whose  physical  constants  are  sufficiently  well  known. 
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Fig.  31.  —  TQ-Diagiam  for  Vapor  Pfaenomeoa. 

The  line  abed  shows  the  relation  of  temperature  to  heat  added 
while  one  pound  of  water  under  10  pounds  pressure  is  first 
heated  from  32®  F.  to  vaporization  temperature  (line  ab),  is  then 
completely  vaporized  Ome  be),  and  finally  is  superheated  through 
a  limited  range  (line  ed).  The  lines  ab\e\du  ctbiendt,  etc.,  show 
the  siime  things  for  the  other  pressures  indicated. 

(b)  A  diagram  drawn  to  a  sufficiently  large  scale  would  show 
the  line  abbzy  and  lines  ed,  eidi,  etc..  as  slightly  curved  because  of 
the  variation  in  the  value  of  the  specific  heat  of  liquid  water  and 
of  the  specific  heat,  Cp,  of  superheated  water  vapor.  In  draw- 
ing Fig.  31  an  average  sjxxific  heat  was  used  for  the  liquid  and 
an  average  over  each  temperature  range  ed,  eidi,  etc.,  for  the 
superheated  vapor.  The  latter  accounts  for  the  slight  differ- 
ences in  slope  of  the  superheating  lines. 

(c)  The  diagram  shows  how  great  an  amount  of  heat  is 
absorlxHJ  during  the  process  of  vaporization  as  compared  with 
that  used  in  bringing  the  liquid  to  the  temperature  of  vaporiza- 
tion, or  with  that  used  in  superheating.  This  is  of  great  im- 
portance in  heat  engineering  and  will  be  fully  considered  later. 

Two  other  facts  of  importance  are  made  evident  by  the  diSr 
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Ipam;  One  is  the  small  change  of  total  heat.  X,  for  a  wide 
pressure  range,  as  is  seen  by  comparing  the  abscissas  of  c,  Ci, 
;  and  the  other  is  the  decrease  of  the  total  latent  heat  of 
raporizalion,  r,  as  the  pressure  rises. 

(d)  This  figure  also  shows  the  temperature  changes  and  heat 
^ven  up  when  superheated  vapor  at  any  of  the  given  pressures 
s  cooled  to  the  saturated  condition,  then  is  condensed,  and  the 
esulting  liquid  cooled  to  32°  F.  The  engineer  must  often  con- 
ider  changes  in  this  direction, 

69,  Vapor  Tables.  Since  the  various  \alues  of  g,  p,  APti,  r, 
lid  X  are  very  frequently  used  by  engineers  and  scientists,  they 

recurded,  as  already  intimated,  in  the  so-called  Vapor 
Tables.  There  is  of  course  a  table  for  each  material  dealt  with, 
•o  that  it  is  customary  to  speak  of  "  Steam  Tables,"  "  Ammonia 
fables,"  "  Carbon  Dioxide  Tables,"  etc. 

The  various  values  of  each  quantity  are  usually  tabulated  in 
ipertical  columns,  the  first  two  columns  giving  pressures  and 
irresponding  temperatures  of  vaporization,  and  the  succeeding  ' 
ilumns  giving  the  corresponding  values  of  the  various  heat 
lontilics.  Certain  other  columns  are  usually  added  containing 
ich  values  as  the  volume  occupied  by  a  pound  of  liquid  and  by 
a  pound  of  dry  and  saturated  vapor.     See  tables  in  Appendix- 

70.  Saturatioa  Curve,  (a)  Experiment  shows  that  just  as 
the  saturated  vapor  of  a  given  material  at  any  particular  tem- 
pcniture  always  exerts  the  same  definite  pressure,  so  also  does 
one  pound  of  dry  saturated  vapor  at  any  temperature  always 
Omi|>y  a  definite  volume.  This  latter  is  called  the  Specific 
Volame  and  is  tabulated  in  the  vapor  tables.  If  the  specific 
volumes  are  plotted  against  the  corresponding  pressures,  the 
locus  of  the  points  is  a  PV-diagram  similar  to  Fig.  32,  which 
like  the  last  is  drawn  for  water  vapor. 

(b)  This  curve,  called  the  Saturation  Curve,  may  be  very  useful. 

If  one  pound  of  material  at  a  given  pressure  has  a  volume  rep- 

ffcsentcd  by  a  point  which  falls  to  the  left  of  the  saturation 

curve,  the  material  must  be  wet  vajmr;  but  if  the  point  falls  to 

the  right  of  that  curve,  the  material  must  be  superheated  vapor. 

In  the  case  of  most  engineering  materials,  the  volume  occupied 

•  one  pound  of  liquid  is  negligible  as  compared  with  that  of 

ic  pound  of  vapor.     In  tlie  case  of  water,  the  volume  increases 
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nearly  1700  times  when  changing  from  liquid  to  dry  saturated 
vapor  under  atmospheric  pressure.  If  the  volume  of  the  liquid 
present  be  neglected,  steam  of  50  per  cent  quality  would  occupy 
0.5  the  volume  it  would  if  dry  and  saturated,  and  steam  of  75  per 
cent  quality  would  have  0.75  of  the  volume  of  dry  saturated 
steam,  and  so  on. 

It  follows  that,  if  one  poun.d  of  mixture  is  found  to  occupy  a 
volume  ab,  Fig.  32,  at  the  pressure  indicated,  it  must  have  a 
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Fig.  32.  —  Saturation  Curve  for  Water  Vapor. 

quality  of  x  =  — ,  if  the  volume  of  the  water  present  is  neglected. 

The  case  of  superheated  steam  will  be  considered  later,  after  the 
discussion  of  the  experimental  results. 

The  area  to  the  left  of  the  saturation  curve  might  be  called 
the  region  of  wet  saturated  vapor;  and  the  area  to  the  right,  the 
region  of  superheated  vapor.  The  curve  itself  would  then  repre- 
sent the  boundary  between  the  two,  thus  emphasizing  the  fact 
that  dry  saturated  vapor  is  a  unique  condition  at  each  pressure. 

(c)  Because  of  the  resemblance  of  the  saturation  curve  to 
an  expansion  curve  there  is  a  tendency  to  regard  it  as  represent- 
ing a  possible  expansion  of  vapor,  that  is,  as  an  increase  of 
volume  during  which  the  vapor  remains  dry  and  saturated 
throughout  the  entire  process.  Such  an  expansion  might  be 
obtained  under  very  forced  conditions,  but  normally  no  such 
process  could  be  made  to  occur.     It  is  then  best  to  r^ard  this 


rve  only  as  a  boundary  line  between  two  fields  and  not  as  the 
iph  of  a  prucess. 

71.  Defining  Conditions  for  Saturated  V&pors.  In  dealing 
ideal  gases  the  variahlcs  to  be  considered  are  pressure, 
temperature,  and  vdunie.  They  are  so  interrelated  that  fixing 
any  tiifa  determines  the  third. 

In  the  case  of  dry  saturated  vapors,  however,  the  pressure, 
temperature,  and  volume  are  so  related  that  the  fixing  of  one 
letermines  the  other  two.  This  is  not  true  of  wet  saturated 
s  nor  of  superheated  vapors. 
In  the  case  of  wet  saturated  vapors,  the  fixing  of  temperature 
determines  the  pressure,  and  vu:e  versa,  but  the  Quality  must  he 
Afuru'n  in  order  to  determine  the  volume  occupied. 

Superheated  vapors  are  more  or  less  like  gases,  and  in  general 
•  fixing  of  any  two  of  the  variables  determines  the  third. 

7a.  Evaporation,  (a)  There  is  sometimes  difficulty  in  harmo- 
aizing  the  phenomena  of  vaporization,  just  described,  with  what 
5  commonly  known  as  evaporation.  There  is  no  real  difference 
In  the  phenomena,  vaporization  as  so  far  considered  being  only  a 
miting  case  of  evaporation. 

(b)  In  what  follows  it  will  be  of  material  assistance  if  it  is 
tvmcmbered  that  the  so-called  temperature  of  vaporization  at 
my  pressure  is  really  the  temperature  of  saturated  vapor  (wet 
r  dry)  at  that  pressure. 
Thus  the  pressure  exerted  by  a  saturated  vapor  is  determined 
by  the  temperature  of  the  space  the  vapor  occupies,  and  the 
»sun;  corresponding  to  any  temperature  can  he  found  in  the 
Vapor  table  for  the  material. 

(e)    Experiment  shows  that  when  the  surface  of  a  liquid  is  ex- 

iesed  tf>  a  space  tehtch  is  not  already  filled  with  the  saturated  vapor 

f  that  liquid,  vapor  is  generated  until  the  space  is  filled  with  such 

vraled  vapor,  unless  the  liquid  present  is  insufficient  in  amount. 

Of  course  vaporization  ceases  if  the  liquid  is  exhausted. 

If  the  condition  of  equilibrium  is  reached,  the  saturated  vapor 
iDu^t  exert  the  pressure  corresponding  to  the  temperature  of  the 
ace  occupied.  Until  this  equilibrium  is  attained,  any  vapor 
■nt  must  be  superheated  vapor  because  the  number  of  mole- 
itlcs  in  a  given  space  in  less  than  would  be  the  case  if  the  space 
fCre  filled  with  saiuraleil  vapor.     Superheated  vajwr,  however, 
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exerts  a  (vessure  less  than  that  exerted  by  satnratxd  v^ior  at 
the  same  temperature. 

It  follows  that  the  pressure  under  which  the  liquid  changes  to 
vapr>r  must  constantly  increase  until  a  maijmnm  is  "^qpffc^, 
when  the  space  becomes  filled  with  saturated  \'apor.  After  that, 
there  can  be  no  further  change  in  the  relati\'e  quantities  of 
liquid  and  vapor  present  unless  temperature  changes. 

d  ^nce  heat  is  required  to  chaise  a  liquid  to  a  vapor,  a 
supply  of  heat  must  be  obtained  from  some  source  to  canse 
"  evaporation."  If  heat  is  not  supplied  from  external  sources, 
it  is  taken  from  the  liquid  and  surrounding  maner;  lienoe  the 
sen>^ition  of  cold  when  alcohol,  or  other  volatile  liquid,  is  quickly 
evaix)rated  from  the  skin. 

The  actual  amount  of  heat  necessary*  for  ei-aporation  wBxy  be 
found  by  considering  the  process  after  equilibrimm  is  oltefiurf. 
Every  pound  of  dr\'  saturated  vapor  must  have  associated  with 
it  the  total  heat  X  corresponding  to  the  existing  pict&me  and 
temperature. 

e*  Usually  the  space  into  which  the  \'apor  passes  contains 
other  material  beside  the  \'apor;  for  example,  some  air  is  almost 
always  present.  Dalton's  law  states  that  each  constiimeni  of 
such  mixtures  behaves  as  though  the  others  urre  not  preseni.  There- 
t'jre.  ihe  phenomenon  is  not  in  any  way  complicated  by  the 
pri.*>ence  of  any  number  of  other  vapors  and  gases.  The  e\^po- 
r.i:i'»n  i;i.x^  on  until  the  space  is  filled  with  the  saturated  vapor 
•!*  \\\x:  liquid  in  question,  and  only  then  is  equilibrium  reached. 
Tr.j  \ ap^ir  will  then  have  all  the  propenies  given  numerically 
:::  :>  \  ap«.>r  table  opp^^site  the  existing  temperature. 

Tr.L  reason  for  calling  \aporization  as  first  considered  a  limit- 
ir.^-  .i-^.'  of  what  is  generally  knou-n  as  e\*aporation  shotild  now 
h".'  '.A  i  lent.  The  apparatus  used  in  explanation  was  so  arranged 
thji:  -he  >pace  available  automatically  increased  as  sattuated 
\  -i>;r  became  available  to  fill  it.  This  was  done  for  simplicity 
fiT-A  l-et^iuse  of  the  close  resemblance  to  the  process  taking  place 
in  ih*.'  >team  l»iler.  from  which  the  vapor  is  withdrawn  as 
rapi'ily  as  it  is  generated. 

N-  >>.-  that  the  final  conditions  are  the  same  in  dther  case.  A 
'.-rViir.  --pace  is  filled  with  saturated  vapor  of  a  given  material* 
ani  what  is  true  of  that  vapor  in  one  case  is  true  in  the  other. 

When  a  space  is  thus  filled  with  the  saturated  vapor  of  a 


naterial.it  is  said  to  be  saturated  ■scilh  thai  vapor  or  ■aitk  respect 
I  that  vapor.  Because  of  a  peculiar  construction  of  this  ex- 
an  incorrect  idea  has  become  fixed  in  engineering 
langiiage.  It  is  usual  lo  speak  of  air  saturated  with  water  vapor, 
lirhereai)  the  real  meaning  is  that  a  space  occupied  by  air  is  also 
rrupied  by  saturated  water  vapor. 

if)  Datton's  law  U  somelimes  called  the  Law  of  Partial  Pres- 
Fnim  the  previous  statement  of  this  law  it  is  evident 
HI  1  that  v:hen  several  gases  and  vapors  occupy  a  spare  in  common, 
tch  hekaves  as  though  the  others  were  absent,  and  (2)  the  pressures 
mpon  the  walls  enclosing  the  space,  or  at  any  point  within  the  space, 
fnust  be  the  sum  of  the  pressures  exerted  by  all  the  constituents  of 
Jir  mixture.  This  pressure  is  called  the  total  pressure  of  the 
while  the  pressures  due  to  each  of  the  constituents  are 
alle<l  partial  pressures. 

If  each  constituent  may  be  considered  as  obeying  the  laws  of 

(deal  gases,  the  same  is  true  of  the  mixture.     The  pressure  in  the 

.  then,  would  be  the  total  pressure,  the  volume  would  be 

lat  occupied  by  the  mixture,  and  the  temperature  would  be 

lat  ot  the  mixture,  which  temperature  must  be  the  same  for  all 

snstiluents. 

When  some  of  the  constituents  of  such  a  mixture  are  satu- 
iated  vapors,  the  perfect  gas  laws  cannot  ordinarily  be  used  if 
at  accuracy  is  desired.  When,  however,  the  quantity  of 
such  vapors  is  small  as  compared  with  that  of  the  gases  present, 
the  error  resulting  from  the  use  of  the  gas  laws  is  small,  and  for 
the  sake  of  simplicity  those  laws  are  generally  used  and  the  error 
t  ocgleclcd. 


73.   Boiling.     Heat  is  often  added  to  a  liquid  at  such  a  rate 

I  in  such  a  way  that  the  temperature  of  one  part  becomes 

Ughcr  than  the  temperature  of   adjacent   parts;   that  is,  local 

siting  takes  place.     This  is  the  result  when  the  local  addition 

(  heal  exceeds  the  rate  of  heat  conduction  through  the  material. 

[Uch  henting  mises  the  temperature  locally  to  that  of  vaporiza- 

Ion  corrtrsixinding  lo  the  I)re5aure,  after  which  further  addi- 

ion  of  heat  would  cause  local   vaporization;  that  is,  a  small 

mm  of  the  liquid  inclosed  within  the  rest  would  be  convened 

fato  vapor  and  appear  as  a  bubble. 

]  Thf  pressure  al  any  jK>int  wiiliin  a  liquid  at  rest  musi  be  that 
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due  to  the  static  head  of  the  liquid  above  that  point  plus  the 
pressure  due  to  any  material  resting  upon  the  surface.  Therefore, 
the  bubble  of  vapor  would  be  formed  under  that  pressure  and, 
during  formation,  would  have  to  displace  the  column,  or 
'*  piston,"  of  water  above  it  against  that  pressure. 

The  bubble,  being  less  dense  than  the  surrounding  liquid, 
would  rise,  but  if  the  temperature  of  the  liquid  encountered  was 
lower  than  its  own  it  might  entirely  condense  before  reaching 
the  surface.  This  process  continued  long  enough  would  bring 
all  the  liquid  approximately  to  the  same  temperature,  after  which 
the  vapor  bubbles  could  travel  upward  through  the  liquid  and 
escajK^  as  vapor  from  the  surface. 

Li(iuid  is  said  to  be  in  a  state  of  ebuUitioii  or  to  be  boiling 
when  it  is  in  such  a  state  that  bubbles  of  vapor  formed  within 
its  mass  pass  up  and  out  through  its  surface. 

From  what  has  preceded  it  can  be  seen  that  this  process  will 
occur  when  the  body  of  water  is  at  such  a  temperature  that  the 
pressure  of  its  saturated  vapor  is  equal  to  that  upon  its  surface. 
This  is  sometimes  given  as  a  definition  of  boiling  temperature. 

74.   Temperature-Entropy  Changes  of  Vapors,     (a)  All  the 

processes  described  in  connection  with  the  formation  of  vapor 
are  thermodynamically  rrcersible;  hence  for  vapors,  just  as  was 
done  for  gases  in  Section  38  i^a),  dE  may  be  substituted  for  APdV 
in  the  general  Eq.  (53)  defining  an  infinitesimal  entropy  change. 
Then  for  such  a  change  in  a  unit  weight  of  vapor  the  expression 

becomes 

.         dS  +  dl  ^-dE  ,       , 

d<t>  =  J. , (104) 


or 


d<t>  =  Y^ (105) 

aiui  for  a  finite  change 

M-f;'-§ (.06) 

Tlirse  expressions  may  he  u>ed  for  determining  the  entropy 
chan-Ls  ior  unit  weight  of  any  vapor  when  undergoing  any 
ri:i'rrsi.')lr  \  )r(  xx'sses. 

b  '["he  ri.'\ersil)le  temperature-entropy  changes  occurring 
duriiii;  the  vaporization  of  water  at  several  different  pressures 
are  ^hown  graphically  in  the  T^-diagram  given  in  Fig.  33. 


VAPORS  iig 

During  the  heating  of  the  liquid  at  constant  pressure  the 
specific  heat  Cp,  or  heat  required  per  pound  per  degree,  may  be 
either  variable  or  constant.  The  equation  for  the  lines  ab, 
ab,,  abi,  etc.,  for  the  entropy  change  experienced  by  the  liquid, 
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Fig.  33.  —T^DiagnUD  tor  Water  and  Water  Vapor, 

called  briefly  the  entropy  of  the  liquid,  must  be  the  same  as 
Eq.  (6i)  and  is  ntr  jt 

^<t>,  =  C\Iog.*y {io8) 

This  last  equation  can  bejised  even  if  the  specific  heat  is  not 
a  constant,  by  interpreting  C^  as  the  mean  value  over  the  given 
temperature  range. 

(c)  The  process  of  vaporization  is  a  constant-temperature  or 
isothermal  one;  here,  following  Eq.  (65),  the  eniropy  change 
experienced  by  the  material  during  vaporization,  called  briefly 
the  entropy  of  vaporization,  is  evidently 

AOr         r 

'^"  =  "7\  ^n ^'°9* 

where  r,  is  the  temperature  of  vaporization. 

(d)  During  superheating  of  the  vapor  at  constant  pressure 
the  specific  heat  may  be  either  variable  or  constant,  and,  parallel- 
ing Eq.  (61),  the  entropy  change,  called  briefly  entropy  of  super- 
heating, is  r-r-C  dT 

A*o  =  J^    --'y^,       (no) 

*  It  is  usually  more  convenient  to  ux  logig  instead  o[  lo^r.  Since  Jof;,  = 
i.joiiofii^Eq.  (loS)  may  be  written  i*;  =  Cp  X  i.jo:  Iorio  (r./T,).  The  other 
logarithmic  equatkms  which  are  to  follow  may  be  simibrly  transfurtned. 
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^irkfjy 4A 


or  .  rr  -         7",        rr  ,         r.  -f-  l>  -  . 


whi&re  C,  »  the  mean  sfxdfic  beat.  Z>  i§  d^  ittniilT  in- 
crease above  dbe  satnratioo  tcmpcfatnre.  F*.  aad  F»  »=  7**  -h  D. 
e  Summing  up  these  results  gn'cs  the  total  flftui^  dhange 
exp^ntncefi  b>'  the  material  when  translanHd  at  cnostant 
pre^ure  from  liqind  at  datum  tempo aiuic  lo  supcriiBStfed 
vapijT  at  temperature  f,  ^  !>;.  This  vfaich  is  farieHy  caDed 
the  total  emiufy  of  iiipnhiolnl  ^i^oTv  is 

-!♦.  =  ^i-^-^*.  +  ^# (Ill) 

=  C,log.^  +  ^  +  C,lo«.?^^^.  .  (112a) 

in  which  Ti  15  the  datum  temperature.  7\  is  the  tcmpefatme  of 
saturation,  and  T,  <  =^  T,  -f-  D)  is  that  of  the  superheated  steam 
when  the  amount  of  superheat  is  D  degrees. 

f  If  \aporization  ceases  before  the  entire  pound  of  material 
ha^  been  \-ap0ri2ed.  only  a  part,  jrr.  of  the  total  latent  heat  of 
Vd^j'.^rization.  r.  will  have  been  added.  The  entropy  cfaai^ 
experienced  by  ihe  material  in  coming  to  the  condition  of  wet 
saturated  vapor  with  quality  x  would  then  be 

AO,  =  A*,  +  xA*. (113) 

*=C,log.jF+^ (114) 

Wh'.n  X  becomes  unity,  —  that  b,  when  vaporisEation  is  just 
rornplote,  —  there  is  dry  saturated  vapor,  and  this  equation 
\)f'(  omes 

A<>^  =  A0, +  A^ (115) 

=  C,log^Y+Y (116) 

T]if  fx>ints  e,  Cu  c^,  etc.,  in  Fig.  33,  show  the  entropy  change 
for  nilf<ri;nt  f)ressures  as  determined  by  Eq.  (114)  when  x  »=  0.75. 
01 /\  ion  sly  the  distances  he,  h\eu  etc.,  must  be  0.75  <rf  the  dis- 
t;iriM  ,  })( ,  //,r,,  etc.  This  diagram  then  furnishes  a  means  of 
Hf  r*  rtfiinin^  quah'ty  in  a  manner  similar  to  that  used  in  the  case 
of  ili<-  saturation  curve,  Fig.  32,  but  is  not  subject  to  the  ap- 
proximation there  necessary-. 


75*  Cootinoity  of  the  Liquid  and  Gaseous  States,     (a)   It  has 

■en  sUtcd,  in  Chapter  IV',  ihiii  no  real  gases  obey  exactly  the 

ft-s  of  ideal  om-s,  hut  that  it  may  be  assumed  without  great 
ir  that  those  real  gases  which  are  farthest  removed  from  the 

nditions  of  liquefaction  do  obey  these  laws.     This  assumption, 

iwcver,  is  not  justified  at 
low    temperatures    ur 
wry  hig:h  pressures. 

The  study  of  materials  in 
iw-  liquid  and  gaseous  sfTii-^ 
httvf^    clearly     that     tlu'^e 

.ates    are    in    the    naiiiri.' 

r  limiting  conditions  in 
[radual  physical  change- 
This  may  be  presented  li> 
(leans of  Fig.  34-     II  slirmiil 

!  clearly  understood  Imw- 

thal     this     figuru     1- 

qualitatively  but  not  quanii- 

latively  correct;  that  is,  it  i^ 

t  drawn  to  scale,  nor  dot.-. 

t  exactly  represent  the  bc- 
bavior  ol  any  real  material. 
It  does,  however,  show  the 

talurf  of  the  changes  under    ''"g  3 
;»nMdcration    for  all  known  Vaporous  and  Caseous  states. 

natcrials. 

(b)  The  diagram  is  for  unit  weight  of  material  on  pressure- 
Kflume  coordinates,  and  each  of  the  heavy  lines  is  an  isothermal. 
Starting  with  the  lowest  line  of  the  series,  the  point  a  represents 
?  vulumc  occupied  by  unit  weight  of  liquid  at  temperature  T 
pnd  at  the  pressure  shown.  If  ihe  pressure  is  decreased  while 
the  temperature  is  maintained  constant,  the  volume  of  the 
Bquid  will  increase  until  the  p<jint  b  is  reached.*  At  this  point 
-  fKesaunr,  volume,  and  lemjjcrature  are  such  thai  any  further 
Jiangc  can  only  l>e  a  progressive  vaporization  at  constant  pr's- 
mre,  as  shown  b>'  line  be  (since  the  temperature  is  constant)  with 
!  of  volume  from  b  to  c;  that  is,  the  material  is  at  the 

*  The  JDOtue  ol  volume  ling  been  muirh  magnified  in  the  figure  to  cmphasiie 
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point  of  vaporization  for  temperature  F.  At  c  the  material  has 
become  fully  vaporized,  and  hence  is  dry  saturated  vapor.  A 
further  decrease  of  pressure  at  constant  temperature  will  cause 
it  to  become  superheated  and  to  behave  somewhat  like  an  ideal 
gas.  The  volume  will  then  increase  almost  inversdy  with  the 
pressure,  bringing  the  material  to  the  conditions  d  along  the 
curve  cd. 

Starting  from  au  with  the  material  in  liquid  form  at  a  tem- 
perature Ti>  T,  dL  similar  process  carries  the  material  isother- 
mally  to  d\.  The  same  statements  can  be  made  for  all  other 
starting  points  at  different  temperatures  up  to  some  such  value 
as  7*3,  when  the  process  will  be  that  shown  by  the  curve  ajb^^ 
In  this  case  the  points  bi  and  Ci  have  become  coincident,  the 
liquid,  if  it  is  such,  having  the  same  volume  at  pressure  Pm  as 
does  its  vapor. 

At  higher  temperatures,  such  as  T^  and  T%,  the  material  b^ns 
as  a  gas  and  the  isothermals  become  more  and  more  nearly 
rectangular  hyperbolas  (PK  =  const),  as  they  are  drawn  for 
higher  and  higher  temperatures. 

Reversing  the  process,  a  gaseous  material  compressed  iso- 
thermally  from  d%  conditions  will  remain  gaseous  no  matter  how 
high  the  pressure  is  carried.  A  gaseous  material  compressed 
isothermally  from  d\  will,  however,  begin  to  condense  at  Ci  and 
will  continue  to  liquefy  with  further  compression  until  it  all 
becomes  liquid  at  bi. 

(c)  If  (/j  is  chosen  as  the  point  to  begin  isothermal  compression, 
it  is  obvious  that  the  material  after  passing  bi  must  be  on  the 
boundary  between  the  liquid  and  gaseous  states;  that  is,  the 
pressure,  volume,  and  temperature  conditions  for  the  two  states 
arc  the  same  and  the  material  may  be  considered  a  liquid  or  a 
gas,  or  both. 

Tne  conditions  at  bi  are  called  critical  conditions,  that  is, 
critical  volume,  critical  pressure,  and  critical  temperature.  The 
critical  temperature  of  gaseous  material  is  usually  defined  as  the 
temperature  above  which  liquefaction  is  impossible  by  any 
increase  of  pressure.  The  truth  of  this  definition  is  evident  from 
the  diagram;  no  isothermal  of  higher  temperature  than  ajb^% 
could  cross  the  latter  and  so  enter  the  liquid  region. 

(d)  In  the  figure  the  hatched  area  with  the  lines  running 
upward  from  left  to  right  represents  the  region  in  which  the 
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iteria!  must  be  liquid.  That  is,  when  any  point  representing 
!  pressure  and  volume  of  the  substance  falls  within  this  region, 

;  material  must  be  in  the  liquid  state.  Similarly,  the  part 
tched  downward  from  left  to  right  represents  the  region  of 
perhcated  vapor,  and  that  crosshatched  in  both  directions 
Jresents  the  region  of  liquid  mixed  with  its  saturated  vapor. 
The  part  not  hatched  represents  the  region  in  which  the 
iti-rial  cannot  be  liquefied  by  change  of  pressure.  This  is 
ommonly  called  the  region  of  the  gaseous  state.  A  gas 
»y  then  l>e  defined  as  a  material  above  the  critical  temperature, 

)  a  vapor  as  material  which,  while  resembling  a  gas,  is  below 
e  critiral  temjjerature. 
It  must  not  be  inferred  that  material  above  its  critical  tem- 

^ature  senably  obeys  the  taws  of  ideal  gases.     It  must  be  far 
moved   on   the   temperature   scale   before   this   occurs.     The 
itliermal  7"i  shows  this. 
Kote  in  the  figure  that  the  curve  fejc  is  the  saturation  curve,  a 

t  0/  which  was  drawn  for  water  vapor  in  Fig.  32. 

(e)  This  dif^ram,  Fig.  34,  is  useful  for  determining  the  be- 
■  of  material  when   subjected   to   volume,   pressure,  and 

nperature  changes.  Material  in  the  gas  state,  as  at  /  for  in- 
mce,  can  l>e  litiuefied  by  lowering  temperature  and  decreasing 
lume  while  the  pressure  is  maintained  constant,  as  along  the 
c/f-  Or  it  can  be  brought  to  the  condition  of  wet  vapor  by 
rering  pressure,  volume,  and  temperature  according  to  some 
rve/A.  Similarly,  increasing  the  temperature  and  pressure  of 
Buperbeatcd  vapor  at  constant  volume  (line  kl)  results  in 
nrying  it  into  the  gas  held. 

(f)  At  the  critical  temperature  the  latent  heat  of  vaporiza- 
m,  r,  becomes  zero:  thai  is.  no  internal  and  no  external  work 

meiieurablc  magnitude  is  done,  as  [he  material  passes  from 
t  alwvc  to  jusl  below  ihe  point  6,  on  the  isothermal  Ti.  In- 
Ktiun  t>f  the  Steam  Tables  in  the  Appendix  will  show  the  way 
which  the  latent  heat  of  vaporization  of  water  vapor  gradually 
reuses  from  large  \'alues  at  low  temperatures  to  a  value  of 
0  at  the  critical  temperature. 

J6,  Van  der  Waols'  Equation  for  Real  Gases,  (a)  Obviously 
f  g,i8  is  really  only  a  very  aiieiiuated  liquid,  differing  in  its 
ipcrtiea  from  the  liquid  l)ecause  its  molecules  are  much  farther 
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apart,  and  possibly  of  simpler  structure.  If  this  is  true,  it  ought 
to  be  possible  to  write  laws  of  condition  which  would  fit  the 
same  material  in  either  the  liquid  or  the  gaseous  form.  Several 
attempts  have  been  made  to  do  this,  and  one  in  particular  is  of 
great  interest.  It  is  due  to  Van  der  Waals  and  was  developed 
by  modifying  Boyle's  law  to  take  account  of  two  assumed  facts. 
These  are: 

(i)  The  space  filled  by  a  gas  is  partly  occupied  by  the  mole- 
cules of  that  gas,  and  it  is  only  the  space  between  the  molecules 
which  obeys  Boyle's  law. 

(2)  In  no  real  gas  are  the  molecules  far  enough  apart  to  be 
absolutely  independent  of  one  another;  certain  intermolecular 
forces  still  exist.  These  decrease  the  total  volume  occupied  or 
make  the  gas  behave  as  though  subjected  to  a  pressure  greater 
than  the  real  external  pressure. 

The  law  in  mathematical  form  is 

(^  +  ^)  (V  -  ft)  =  Constant, 

(p+^^(y-b)==RT, (117) 

in  which  a  and  b  are  constants,  differing  with  the  kind  of  gas. 
(b)    This  equation  can  be  rearranged  to  read 

V»-V'(^  +  6)  +  V^-^  =  o..     .     .     (118) 

a  cubic  equation  in  terms  of  the  specific  volume  V.  Then  for  a 
given  temperature  and  pressure  there  must  be  three  values  of  V 
which  satisfy  the  equation. 

If  the  curves  obtained  by  substituting  in  the  equation  are 
drawn  for  constant  temperatures,  they  resemble  the  lines  abcdt 
etc.,  in  Fig.  34,  except  that  the  horizontal  lines  ic,  etc.,  are  re- 
placed by  the  dotted  curv^cs  shown.  If  the  equation  is  really 
trui'.  the  process  of  vaporization  must  be  more  complicated  than 
at  first  appears.  The  fact  that  the  phenomena  corresponding 
to  part  of  the  curve  from  b  downward  and  from  c  upward  can 
be  realized  experimentally  gives  evidence  in  supf)ort  of  this  law. 
Tlie  condition  of  the  material  thus  carried  into  the  dotted 
])osition  of  the  curve  is,  however,  very  unstable,  and  the  sub- 
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mcc  suddenly  assumes  the  condition  shown  by  the  horizontal 
le  if  dislurb«l. 

(c)  The  critical  point  may  now  be  said  to  be  the  point  at 
lich  all  three  roots  of  the  equation  coincide  or  at  whicJi  one  is 
il  and  two  are  imaginary. 

(d)  The  equation  of  Van  der  Waals,  though  better  than  that 
Boyle,  does  not  fully  express  the  truth.     If  it  did,  it  would 

lid  for  material  in  the  solid  as  well  as  in  the  liquid  state.  It 
ally  recognizes  no  such  condition  as  solid.  If  it  did,  its  graph, 
mtiiiued  far  enough  back  in  the  direction  dcba,  would  show 
lothcr  jog  similar  to  but  shorter  than  cb,  representing  the  con- 
Uit-pressure,  const  ant- temperature  change  from  liquid  to  solid, 
iis  it  does  not  do,  and  hence  it  is  imperfect. 

(e)  The  phenomenon  of  zero  \'olume  at  absolute  zero  tem- 
j^lure  can  now  be  explained.  According  to  the  simplest 
netic  theory  of  gases,  the  temperature  is  supposed  to  be  a 
easure  of  the  iranslational  energy  of  the  molecules,  and  the 
rssurc  is  the  result  of  the  bombardment  of  containing  walls  by 
c  rapidly  moving  molecules. 

Assuming,  with  Van  der  Waals,  that  the  volume  to  which  the 
eal  laws  refer  is  not  the  total  volume  occupied  by  the  gas,  but 
;uals  thai  volume  corrected  for  the  volume  of  the  molecules 
escAt,  the  limiting  case  of  the  ideal  laws  is  easily  explained, 
\en  absolute  zero  of  temperature  is  reached  the  molecules  of  a 
s  must  be  assumed  to  \k  devoid  of  translational  motion  and 
such  positions  that  the  v-olume  referred  to  above  has  become 
"o.  Then  as  the  molecules  at  rest  could  not  bombard  sur- 
inding  surfaces  the  pret^ure  would  also  be  zero. 
This  equation  of  Van  der  Waals  is  in  general  only  of  theoretical 
tLTCSt  lo  the  engineer.  Seldom  does  the  accuracj'  required  in 
iginc-ering  calculations  warrant  the  use  of  such  refinement.  It 
introduced  here  only  to  give  a  jjossible  simple  explanation, 
>ugh  an  incomplete  one,  of  what  otherwise  seems  \ery  in- 
(intiu,  and  to  furnish  a  more  complete  view  of  (he  continuity 
the  liquid  and  gaseous  states. 


CIL\PTER   X. 

PROPERTIES    OF    STEAM. 

77.  Steam  or  Water  Vapor,  (a)  All  that  has  just  been 
said  about  the  formation  and  the  properties  of  vapors  in  general 
applies,  of  course,  to  the  case  of  water  vapor  or  steam. 

This  vapor  is  usually  generated  in  a  boiler  in  which  the  pres- 
sure is  maintained  substantially  constant  by  the  withdrawal  of 
some  of  the  steam  as  rapidly  as  more  vapor  is  generated.  This 
withdrawal  occurs  ordinarily  through  the  steam  pipe,  at  other 
timej^  through  the  safety  valve.  The  water  when  pumped  into 
the  boiler  is  under  the  pressure  existing  in  that  vessel.  Thus 
the  application  of  .heat  causes  the  temperature  of  the  liquid 
to  rise  under  constant-pressure  conditions.  This  increase  of 
course  ceases  when  the  temperature  of  vaporization,  correspond- 
iiiK  to  the  pressure,  is  reached.  Since  the  heat  is  added  at  con- 
siaiii  pressure,  q  would  Ix;  computed  from  Eq.  (94),  using  the 
moan  sf)eciric  heat  at  constant  pressure  for  Cp. 

(b)  The  further  addition  of  heat  to  this  water  causes  the 
formation  of  vaj^c^r,  or  steam.  Associated  with  this  process  there 
i->  ^n*  it  increase  in  volume  and  the  absorption  of  large  amounts 
of  heat.  In  discussing  the  general  case,  in  connection  with 
Mv;.  .v>,  it  was  considered  that  the  external  latent  heai  expended 
in  ^onnectirm  with  the  volume-increase  was  utilized  in  lifting  a 
w'i^^lii,  thus  doing  work  in  overcoming  the  action  of  gravity. 
Ill  tit'-  ras(;  under  consideration,  when  steam  is  supplied  to  a 
pi  ton  engine,  the  external  latent  heat  is  expended  in  displacing 
tii<-  pi  .ton  against  resistance,  thus  doing  external  work  equal  to 
.1  ru  \H-r  iK)und  of  material  and  making  available  increased 
volunn-  of  si  cam  sj>ace  in  the  cylinder  as  rapidly  as  the  vapor  is 
^Vii'iritcd.  It  is  true  that  engines  of  this  type  ordinarily  take 
retrain  inicrmittently  from  the  boiler,  hence  the  steam  pressure 
witliin  iliat  vessel  would  fluctuate  slightly  on  this  account,  even 
if  oihcr  causes  of  fluctuation  could  be  eliminated.     In  such  cases. 

tiie  mean  pressure  is  the  one  commonly  used. 
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Lit  is  not  only  true  in  the  case  of  the  piston  engine  but  also  in 

1  other  cases,  that  the  witlidrawal  of  steam  from  the  boiler  is 

ompanied  by  the  doing  of  external  work,  equal  to  APu  per 

lound  of  materia),  although  just  how  this  energy  is  expended  is 

lot  always  clear  to  the  beginner. 

The  rest  of  the  heat  utilized  in  the  process  of  vaporization  is 

"  internal  latent  heat,"  p.  expended  in  causing  the  molecular 

arrangement  accompanying  the  change  from  water  to  steam. 

1   (c)    In  many  instances  a  portion  of  the  steam  pipe  is  modified 

I  form  and  subjected  to  heat  in  such  manner  that  it  becomes 

ftiat  b  termed  a  "  Superheater,"  in  which  the  steam  becomes 

■iperhvated  by  the  reception  of  more  heat,  as  it  passes  through, 

on  its  way  to  the  engine  or  other  device  which  is  being  supplied. 

During  this  superheating  the  steam  is  under  constant  pressure, 

hence  in  using  Eq.  (102)  to  determine  the  heat  added  the  mean 

pi-cificheai  at  constant  pressure  Cp  should  be  introduced. 


78.   Sources  of  Data.     The  different  related  properties  of  dry 

laturated  steam  are  tabulated  in  Steam  Tables  such  as  that 

i[vefl  in  the  Appendix.     Some  of  the  properties  are  determined 

nrtly  by  experiment  and  others  are  derived  quantities  which 

found   by  computations  involving  the  experimentally  de- 

Brmiiied  data. 

Many  different  Steam  Tables  have  appeared,  and  all  except 

!  most   recent  ones  were   based   on   Regnault's  experiments, 

t  published  in  iS^J-    These  older  tables,  while  thus  based  on  the 

^  data,  depart  somewhat  from  one  another  in  the  values 

^tabulated,  the  disagreement  arising   from  differences  in  inter- 

I'prcting  the  data  and  in  choosing  values  of  Joule's  equivalent, 

absolute  zero,  specific  heat  of  liquid,  etc. 

In  flpite  of  their  differences  and  errors,  these  steam  tables  are 
siill  sufficiently  accurate  for  most  engineering  calculations;  and 
ordinarily  the  results  of  investigation  which  involved  their  use 
.■  be  compal^  with  those  based  on  the  later  tables,  without 
Btroducing  serious  errors. 

)  The  recent  rapid  increase  in  the  use  of  superheated  steam  has 

I   many  attempts   to  determine  accurately   the  different 

iJuca  of  the  specific  heats  of  this  material  under  various  con- 

This  has  revived  interest  in  the  properties  of  saturated 

1  the  result  that  in  1909  new  and  more  accurate  Steam 
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Tables  appeared  in  book-form,  one  by  Peabody,  and  another  by 
Marks  and  Davis.  Both  books,  besides  giving  tables  for  the 
properties  of  dry  saturated  steam,  contain  elaborate  tables  giving 
the  entropy  and  other  properties  of  superheated  steam,  and  other 
auxiliary  tables,  together  with  certain  charts  which  are  useful  to 
the  engineer. 

For  the  mechanical  equivalent  of  i  B.t.u.,  Peabody  uses  778 
foot-pounds  and  M.  &  D.  use  777.52.  For  the  absolute  zero  the 
former  uses  491.5°  F.  below  freezing;  the  latter  491.64.  Peabody 
uses  for  the  B.t.u.  the  heat  required  to  raise  one  pound  of  water 
from  62°  to  63°  F.;  whereas  M.  &  D.  use  the  ''mean  B.t.u." 
defined  in  Section  3.*  The  values  chosen  for  the  specific  heats 
of  water  also  vary  slightly.  However,  the  differences  mentioned 
are  so  small  as  to  be  negligible  for  engineering  purposes. 

The  discussion  of  how  tables  may  be  made  will  now  be  taken  up 
very  briefly.  For  a  more  thorough  treatment  and  for  references 
to  the  sources  of  data  the  student  is  referred  to  the  books  just 
mentioned.! 

79.  Properties  of  Dry  Saturated  Steam.  The  properties 
given  in  the  Steam  Table  in  the  Appendix  are  the  corresponding 
values  of  (a)  Pressure  and  Temperature;  (b)  Heat  of  the  Liquid; 
(c)  Total  Heat  of  Steam;  (d)  Latent  Heat  of  Vaporization;  (e) 
External  Latent  Heat;  (f)  Internal  Latent  Heat;  (g)  Entropies 
of  Water,  Vaporization,  and  Total;  and  (h)  Specific  Volumes. 

The  properties  are  tabulated  for  one  pound  of  material,  the 
pressures  are  in  pounds  per  square  inch  absolute,  and  the  heat 
quantities  and  entropies  (excepting  those  for  vaporization)  are 
measured  above  32°  F. 

Temperatures  and  Pressures. 

(a)  It  has  been  seen  that  saturated  vapor  has  a  definite  tem- 
perature corresponding  to  each  pressure  at  which  the  vaporiza- 
tion occurs.  The  variation  of  temperature  with  pressure  of 
water  vapor  has  been  determined  experimentally  and  is  shown 
graphically  in  Fig.  35,  to  two  different  pressure  scales.  It  is 
important  to  note  the  shape  of  this  curve,  especially  the  rapid  rise 

*  The  mean  B.t.u.  is  about  ^Ic  larger  than  that  measured  at  62**. 
t  Also  see  Trans.  .\.  S.  M.  E.,  Vols.  29  to  33,  for  papers,  discussions,  and  lefer- 
ences  to  sources. 
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of  pressure,  or  increase  in  the  slope  -r  with  elevation  of  tem- 
perature in  the  upper  region.     The  TP  relations  can  also  be 
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expressed  algebraically  by  formulas*  which  are  rather  compli- 
cated.    These  need  not  be  given  here,  however.    ^ 

Heat  of  Liquid  (g). 
(b)   The  heat  of  the  liquid  is  the  amount  added  to  water  at 
32  degrees  in  order  to  bring  it  to  the  temperature  of  vaporiza- 
tion.   Its  amount  is  computed  by  using  Eq.  (92)  and  integrating 
between  the  temperatures  of  freezing  and  of  vaporization,  thus: 

.     {119) 

where  Cp  is  the  constant-pressure  specific  heat  of  the  liquid, 
which  in  the  case  of  water  varies  with  the  temperature.  The 
progressive  values  of  Cp  have  been  found  by  several  experimenters 
with  results  that  are  not  absolutely  in  accord.  The  curve  in 
Fig.  36  represents  an  interpolation  between  the  several  data. 

The  right  member  of  Eq.  (119)  will  be  recognized  as  the  ex- 
pression for  the  area  below  the  Cp  curve,  and  lying  between  the 
ordinates  at  32  degrees  and  /,.  This  area  can  be  found  by 
planimeter  or  other  method  of  integration. 

•See  "The  Pressure-Temperature  Relations  ol  Saturated  Steam,"  by  Prof. 
Liond  S.  Marks.     Trans.  A.  S.  M.  E.,  Vol.  a. 
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Hei^after  the  instantaneous,  or  the  progressive,  values  of  C, 
(that  is,  those  corresponding  to  one  degree  rise  at  different  tem- 
peratures) will  be  called  the  progressive  specific  heats  to  dis- 
tinguish them  from  the  mean  values. 

For  many  purposes,  especiallj-  at  low  temperature,  it  is 
sufficiently  accurate  to  assume  C,  =  i,  then  g  =  (/  —  32).  In 
computing  the  values  of  q  for  the  steam  tables,  however,  il  is 
necessary  to  employ  the  greatest  accuracy. 

In  Fig.  31,  the  curve  abz  shows  approximatdy  how  q  varies 
with  /r.  If  Cp  is  taken  as  unity,  this  curve  becomes  a  straight 
line. 

Total  Heat  of  Steam  (X). 

Co)  This  is  the  amount  of  heat  required  to  raise  one  pound  of 
water  from  32  degrees  to  the  temperature  of  vaporization^  then 
to  separate  the  constituent  particles  diuing  the  formation  of 
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steam,  and  to  do  the  external  work  accompanying  the  increase  in 
volume. 

The  values  of  X  have  been  determined  for  a  number  of  pressures 
by  various  experimenters.  By  plotting  the  most  trustworthy 
data  on  cross-section  paper,  with  X  and  temperature  as  coordi- 
nates. Dr.  H.  N.  Davis  obtained  a  curve  which  is  generally 
regarded  as  giving  the  most  reliable  values  of  this  quantity. 
The  portion  of  the  curve  lying  between  212  degrees  and  400 
degrees  is  represented  by  the  equation 

X  =  1 150.3  +  0.3745  Ov-  212)  -  0.00055  (^r-  212)2.     (121) 

Regnault's  formula  for  total  heat,  which  was  generally  em- 
ployed before  1909,  is  accurate  enough  for  ordinary  engineering 
purposes  and  is  much  simpler  than  Davis'.     It  is 

X  =  1091.7  +  0.305  (/„-  32).      ...     (122) 

Xote  that  this  quantity  increases  with  the  temperature,  but  at 
a  very  slow  rate.  This  is  shown  in  Fig.  31,  by  the  abscissas  of 
points  c,  Cu  C2,  etc.  The  higher  the  pressure  the  less  rapid  is 
the  rate  of  increase. 

Latent  Heat  of  Vaporization  (r). 

(d)  Having  obtained  the  total  heat  X  and  the  heat  of  the 
liquid  g,  the  latent  heat  of  vaporization  may  be  found  from 

r  =  \-q (123) 

If  the  specific  heat  of  water  is  taken  as  unity,  q  =  {tv  —  32) ; 
and  if  this  is  subtracted  from  Eq.  (122),  Regnault's  approxi- 
mate equation  for  the  latent  heat  of  vaporization  is  obtained. 
This  is 

r  =  1091.7  -  0.695  (/p  -  32) ^124) 

In  Fig.  31,  the  values  of  r  for  different  temperatures  and  pres- 
sures are  shown  by  the  distances  be,  hiCo,  b^cz,  etc.  The  latent 
heat  decreases  with  rise  in  temperature,  and  becomes  zero  at  the 
critical  temperature.  At  atmospheric  pressure  r  is  970,*  and 
this  figure  should  be  remembered,  as  it  is  used  frequently  in 
engineering  computations. 

•  The  old  value  is  966. 
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water, 


AO;  =  C^^log, 


49^ 


(u«) 


in  whi  :h  T*  is  the  saturation  temperature  for  the  picaame  mider 
C'>n -iteration  and  C^  is  the  fiuan  specific  heat  of  water  for  the 
t*:rTi[x_rature  range  from  32  degrees  to  1.,  as  found  from  F^.  36 
in  the  manner  described  in  Section  79  (b). 
The  entropy  of  vaporization  (A4»)  may  be  found  ttoaoL  Eq. 
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(109)  by  substituting  the  values  of   7\  and  r  corresponding  to 
the  pressure  under  consideration. 

The  total  entropy  (A0«,)  of  one  pound  of  dry  saturated  steam 
above  32  degrees  is  A0M  =  A0<+A0o.  ^ 

Specific  Volume  (V). 

(h)  This  is  the  number  of  cubic  feet  occupied  by  one  pound  of 
steam.  It  varies  with  the  pressure  and  is  equal  to  the  sum  of 
the  original  volume  of  the  pound  of  water  (0.017  =t  cu.  ft.)* 
and  u,  the  increase  in  volume  during  vaporization.     Thus, 

V  =  tt  +  o.oi7=t  cu.  ft (129) 

The  value  of  u  can  be  obtained  from  what  is  known  as  Clapey- 
ron's  equation, 

_    r     778 


"•(f) 


cu.  ft. 


(130) 


Here  (-7- 


is   the  slope  of  the  pressure-temperature  curve 

(see  Fig.  35,  in  which -^  = 3^).  and  may  be  found  either 
at       l^al  I 

graphically  or  mathematically. 

The  following  is  a  rather  crude  way  of  deriving  Ciapeyron's 

equation:  On  a  PV-diagram,  Fig.  37,  starting  at  A  with  one 
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Fig.  38. 


pound  of  water  already  at  the  boiling  point  (pressure  P,  and 
absolute  temperature  7^,  let  sufficient  heat  be  added  to  cause 
complete  vaporization,  the  increase  in  volume  being  «;  then  let 
there  be  a  slight  drop  in  pressure  dP,  next  let  there  be  a  de- 

*  The  volume  of  a  pound  of  water  varies  from  0.016  to  0.018  cubic  feet  within 
the  ordinary  range  of  temperatures. 
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crease  in  volume  at  the  uniform  pressure  (P  —  dP)  until  all  of 
the  steam  is  condensed  to  water  at  the  corresponding  boiling 
point;  and  finally  bring  the  water  up  to  its  original  temperature 
to  complete  the  cycle.  Evidently  the  work  done,  as  shown  by 
the  area  of  the  figure,  is  u  .  dP  foot-pounds,  which  in  B.t.u.  is 

j^      u*dP  ,  . 

^^^iw ^*^ 

On  the  T^-diagram,  Fig.  38,  let  the  same  cycle  be  shown. 
Starting  at  A  with  water  at  the  boiling  temperature  T,  let  heat, 

r,  Ix?  added  to  vaporize  the  water.    This  is  accompanied  by  an 

f 
increase  in  entropy  of  amount  -=;.  Next  let  there  be  a  temper- 
ature drop  dT  (corresponding  to  dP),  and  then  let  the  steam 
be  condensed  at  constant  temperature  (T  —  dT),  corresponding 
to  (P  —  dP),  to  water  at  the  boiling  point.  Upon  returning  the 
water  to  its  original  condition  the  cycle  is  completed  and  the 
work  done  in  B.t.u.,  as  shown  by  the  area  surrounded,  is 


^E  -  (f  ) 


dT. (b) 

Evidently  equations  (a)  and  (b)  both  represent  the  same 
amount  of  work.  Hence,  ^^  =\-j\dT,  solving  which  for  « 
results  in  C'lapeyron's  equation. 

The  Specific  Density. 
(i)   The  specific  density  or  weight  of  one  cubic  foot  of  steam  is 
e(|ual  to  (--).     As   this  is   merely  the  reciprocal  of  the  specific 
volume,  it  is  not  given  in  the  Steam  Table  in  the  Appendix. 

Properties  of  Steam  at  High  Pressures. 

(j)  Above  250  ix)uik1s  i)er  square  inch  (400°  F.)  the  properties 
of  steam  have  not  been  determined  with  great  accuracy,  so  that 
the  values  given  in  the  tables  above  this  pressure  are  not  very 
trustworthy.  More  accurate  values  are,  however,  not  available 
at  i)resent. 

It  will  be  noticed  that  the  latent  heat  decreases  as  the  tem- 
perature increases  until  it  becomes  zero  at  the  critical  tempera- 
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tare  of  about  706°  F.,*  com 
3300  pounds  per  square  inch. 


iponding  to  a  pressure  of  about 


80.  Properties  of  Superheated  Steam,  (a)  Specific  Heat  at 
Constant  Pressure.  In  dealing  with  superheated  steam  the 
engineer  ordinarily  uses  only  the  specific  heat  at  constant  pres- 
sure. For  ideal  gases  it  has  been  shown  that  Cp  is  independent 
of  temperature  and  pressure,  and  that  it  is  sensibly  so  for  most 
real  gases  within  ordinary  ranges.  For  superheated  steam, 
however,  it  cannot  be  considered  constant  at  the  temperatures 
used  in  engineering,  for  the  material  is  always  far  below  the 
critical  conditions,  and  though  approximating  the  behavior  of 
a  gas  it  varies  greatly  from  the  laws  for  perfect  gases. 

Several  experimenters  have  recendy  determined  values  of  C, 
for  steam  over  wide  temperature  and  pressure  ranges.  Among 
these  the  results  of  Knoblauch  and  Jakob  are  generally  con- 
sidered the  most  trustworthy,  and  were  used  both  by  Peabody 
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Fig-  39.  —  ProgresMve  Values  of  Specific  Heat  Cp  of  Superheated  Steam. 

and  by  Marks  and  Davis  in  computing  their  tables.  M.  and  D. 
made  slight  modifications  to  belter  coordinate  the  Knoblauch 
and  Jakob  results  with  those  of  other  authoritative  researches. 
The  variation  of  the  progressive  specific  heat  Cp  with  tempera- 
ture, for  different  constant  pressures,  is  shown  in  Fig.  39.  Be- 
•  Prof.  L.  S.  Marts.    Trans.  A.  S.  M.  E,,  Vol.  33. 
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cause  of  the  comparatively  rapid  variation  from  degree  to  degree, 
the  progressive  values  can  be  used  in  ordinary  arithmetical  cal- 
culations for  a  temperature  rise  of  one  degree  only. 

For  greater  ranges,  the  mean  specific  heat  must  be  used,  and 
this  can  be  found  from  Fig.  39  in  a  manner  similar  to  that 
described  in  79  (b)  for  the  mean  specific  heat  of  water.  As  most 
problems  connected  with  superheated  steam  involve  a  tem- 
perature range  D  measured  from  the  saturation  temperature,  T,, 
for  the  pressure  under  consideration,  it  is  convenient  to  have 
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TeiDp«ratura»  above  Satumtton  °S, 
in  of  Mean  Specific  Heat  JTp  of  Superheated  Steam. 


curves  giving  the  constant-pressure  mean  specific  heat  C, 
measured  above  saturation  temperature.  The  values  plotted  in 
F\g.  40  may  be  used  pending  the  appearance  of  more  accurate 

Superheat. 
(b)   The  heat  added  during  superheating  D  degrees  is  evidently 

A^/,  =  ?pZ? (131) 

wlicre  D  =  iT,^p  -  T.). 
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The  Total  Heat  of  Superheated  Steam  {^Q,). 

(c)  This  quantity  is  the  total  heat  above  32°  F.  per  pound  of 
steam  which  is  superheated  D  degrees  above  saturation  tem- 
perature.    Representing  this  by  Aft,  it  is  given  by  the  equation 

Aft  =  X  +  AOz>  =  X  +  C^D (132) 

The  Entropy  of  Superheated  Steam. 


(d)   The  entropy  above  saturation  temperature  r„  is  A^z)  and 
is  given  by  Eq.  (no). 

The  total  entropy  of  si 
from  Eq.  (in)  or  (112). 


given  Dy  i:*q.  \ii.^). 

The  total  entropy  of  steam  superheated  D  degrees  is  obtained 


Specific  Volume  of  Superheated  Steam  (V,). 

(e)   The  volume  of  one  pound  of  superheated  steam  may  be 
computed  from  Linde's  empirical  formula 

T 
V.  =  0.5962-  -  (i  +  0.0014  p) 

X  ('5^-3^.ooo  -  0.0833) (133) 

in  which  V,  is  in  cubic  feet,  T  is  the  absolute  temperature  of  the 
superheated  steam  in  Fahr.  degrees,  and  p  is  in  pounds  per 
square  inch, 

A  simpler  formula  and  one  that  is  nearly  as  accurate  is  given 
by  Tumlirz.     It  is,  for  p  in  pounds  per  square  inchy 

T 
V.  =  0.5962 -- 0.256, (134) 

P 
and  for  P  in  pounds  per  square  foot^ 

V.  =  85.86^-0.256 (135) 

81.  Temperature-Entropy    Chart    for    Water    and    Steam. 

(a)  Diagrams  drawn  with  T^-cobrdi nates  are  of  great  con- 
venience in  solving  many  problems  involving  the  use  of  steam. 
Especially  are  they  valuable  when  reversible  adiabatic  changes 
and  associated  heat  changes  are  considered,  for  with  these  co- 
ordinates, Ae  former  are  straight  lines  and  the  latter  are  areas. 

The  T<^-chart  may  be  constructed  for  any  weight  of  working 
substance;  but  it  is  customary  and  more  convenient  to  base  it  on 
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unit  weight.  The  chart  in  Plate  I  in  the  Appendix  b  for  one 
pound  and  the  entropies  are  measured  above  32**  F.  to  corre- 
spond with  the  steam  tables. 

The  value  of  a  T^-chart  is  greatly  increased  by  the  addition 
of  certain  lines  of  reference  which  aid  in  reading  directly  many 
of  the  quantities  sought.  The  construction  of  these  lines  will 
now  be  considered. 

Water  Curve,  or  W-curve. 

(b)  Eq.  (128)  expresses  algebraically  the  law  by  which  the 
entropy   of   the   liquid   varies  with   the  absolute  temperature. 

From  it  can  be  obtained  simul- 
taneous values  of  Tv  and  A0i  and 
these  can  be  used  in  plotting 
points  on  a  T^-chart  to  show 
graphically  the  relation  between 
the  two  variables.  The  Water 
Curve  is  the  locus  of  these  points 
and  therefore  is  the  graph  of  Eq. 
(128).  In  Fig.  41,  AB  is  the 
W-curve. 

If  a  steam  table  is  available  the 
values  of  A4>i  and  /«  used  in  plot- 
ting the  W-curve  can  be  obtained 
directly  from  it. 
Ill  general  tlie  heat  uscni  during  a  reversible  process  to  pro- 
r|ii(  c-  a  7'</»-change  is 


I'ig.  41.  —  T<^Diagram  for  Water 
Vapor. 


■^«-X 


Td<i>. 


riic  right  side  of  this  equation  is  of  the  form  /  ydx^  which  is  the 

inatluniaiical  expression  for  an  area,  and  which  here  represents 
the  heat  (juantities  AQ.  As  dx  in  this  case  is  rf^,  which  is 
measured  alxne  ^,2^  P.,  the  heat  represented  by  the  area  must  be 
that  ahoi'e  32°  F.  also;  and  as  v  =  T  (abs)  these  areas  must 
extend  down  to  absolute  zero  of  temperature^  that  is,  to  the  0-axis. 
l>()ni  this  it  is  seen  that  the  heat  of  the  liquid  above  32°  F.  is 
represented  by  the  area  under  the  W-curve,  extending  to  the 
T  and  <t>  axes,  such  as  area  OAB<i>i,  in  Fig.  41. 
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The  W-curve  has  little  curvature.  If  it  is  considered  straight 
(jay oly^ing  small  error  for  ordinary  ranges),  it  is  seen  that  the  area 
under  tha{  line  is  the  product  of  A0<  by  the  mean  temperature 

■  T  -f  49*  .  that  is, 

^  g  =  A«,.-^^^t49L(approx.) (136) 

Substituting  g  =  (T  —  492),  which  would  be  its  value  when 
C  =  1,  gives  the  following  approximate  equation  for  the  entropy 
of  water: 

^*'  ^  ^ T  +  492^     (^PP^^^-)'       •     •     •     (^37) 

which  is  convenient  for  rough  computations,  as  it  does  not 
involve  the  use  of  tables. 

Saturation  Curve,  or  S-curve. 

(c)  The  entropy  of  dry  saturated  steam  is,  from  Eq.  (115), 
A^„  =  ^i  +  A0«  =  A0i  +  r/Ty  the  values  of  all  quantities  in 
which  are  given  in  the  steam  tables.  In  Fig.  41,  the  abscissa 
TB  is  A0Z  for  the  temperature  T;  so  if  BC  is  made  equal  to 
the  corresponding  value  of  A^,,  the  point  C  must  fall  on  the 
Saturation  Curve.  The  locus  of  a  series  of  points  plotted  in 
this  manner  for  different  temperatures  is  the  S-curve.  Evi- 
dently this  curve  is  the  graph  of  Eq.  (115). 

The  area  of  the  rectangle  below  the  line  -SC  is 

A0„  X  r  =  ^  X  r  =  r, 

and  hence  is  the  latent  heat  of  vaporization.  Then  the  total 
heat  of  the  steam,  X,  is  given  by  the  area  below  ABC,  since  this 
latter  represents  r  +  5. 

Constant-Quality  Curves,  or  X-curves. 

XT 

(d)  The  equation  of  these  curves  is  A^x  =  A0/  -f  -=  ,  in  which 

a:  is  constant  for  each  curve  and  is  equal  to  the  quality  under  con- 
sideration.   Taking  various  corresponding  values  of  r  and  T  from 

the  steam  tables,  the  quantities  i-=\  may  be  computed,  and  add- 
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ing  these  to  the  values  of  A<t>i  for  the  corresponding  tempera- 
tures gives  A<t>x.     In  Fig.  42,  TB  as  before  equals  A4>i  and  BD  is 


T  ^-A^  »i«    ^ 


^^!^^^^. 


11*^     ^ 


^"////y/Z/y^  W.>^\V^ 


* 


Fig.  42.  —  T^-Diagram  Showing  X-Curvcs. 

laid  off  equal  to  (7^)1  thus  locating  the  state  point  at  D  for 

the  temperature  T,  The  locus  of  points  similarly  plotted  for 
different  temperatures  is  the  Curve  .of  Constant  Quality.  A 
series  of  such  curves  is  shown  in  Fig.  42  (a). 

Since     EC  =  y,    and    BD  =  =■*  it    follows    that   -^  =  x. 

This  relation  suggests  another  and  simpler  method  of  plotting 
points  to  determine  the  X-curve:  In  the  figure  draw  the  hori- 
zontal intercepts  BC,  Bid,  etc.,  between  the  W-curve  and  the 
S-curve,  and  on  them  locate  the  points  Z),   Di,  etc.,  in  such 

positions  that  -^-p^  =  -^-tt  =  etc.  =  x.     Then  the  locus  of  these 

points,  D,  Diy  etCy  is  the  cur\^e  desired. 

The  lieat  used  in  vaporizing  a:  parts  of  a  pound  of  steam  at 
temperature  T  is  shown  by  the  area  below  BD,  Fig.  42,  since 

this  area  =  ( 7^)  X  T  =  xr.     The  total  heat  in  the  mixture  of 

steam  and  water  is  given  by  the  area  below  ABD,  for  this  area 

ecjuals  AT  +  q. 

Constant-Volimie  Curves,  or  V-curves. 

(e)  At  any  temperature  T,  Fig.  43,  the  change  in  entropy 
from  7^  to  C  during  complete  vaporization  is  accompanied  by 
an  increase,  equal  to  w,  in  the  volume  of  the  working  substance. 
If  ai  the  same,  temperature  only  part  of  the  unit  weight  — 
occupying  the  volume  V —  is  in  the  vaporous  form,  it  is  evideat 


PROPERTIES  OF  STEAM 


that  the  quality  of  the  steam  must  be  x  =  '■ ,     By 

maintaining  V  constant  in  this  equation  and  substituting  values 
of  u  corresponding  to  different  temperatures,  the  way  x  varies 
with  T  during  an  isovolumic  change  can  be  determined.  Then 
the  V-curve  can  be  plotted  either  by  using  the  quality  or  by 
making 

gf)^(F-o.oi7)  g,Di_(t^- 0-017) 

BC  u  '         B,Ci  «,  '  ^^'^^ 

The  same  curve  can  be  obtained  by  graphical  construction  in 
the  following  manner:  In  Fig.  43  lay  off  a  V-axis  opposite  to 
the  T-axis,  thus  forming  a  V^quadrant 
in  which  volumes  are  laid  off  downward. 
Directly  below  B  drop  an  ordinate  ab 
for  the  corresponding  volume  of  the 
material.  This  is  the  volume  of  the 
water  at  temperature  T,  or  0.017  ± 
cubic  feet.  Directly  below  C  lay  off 
the  volume  corresponding  to  that  point, 
thus  locating  c.  The  value  in  this  case 
is  V.  the  specific  volume  of  the  steam. 
Then  the  straight  line  be  joining  these 
points  shows  the  uniform  increase  of  the 
volume  and  entropy  during  the  process 
of  vaporization  of  one  pound  of  working 
substance  at  the  temperature  T.  In 
like  manner  similar  V.Ji-lines,  such  as 
biCi.  b;Ci,  etc.,  can  Iw  drawn  for  other 
lcm[)eratures  of  vaporization.  If  any 
isovolumic  line  i"  is  then  drawn,  it  inter- 
sects be,  A|C|,  etc.,  at  points  v,  vi,  v^,  etc., 

whence  projecting  upward  to  the  corresponding  isothermals  de- 
termines points  D,  D,.  etc.,  on  the  V-curve  with  Tift  coordinates. 
In  the  ca-«  shown  in  this  figure,  V  =  V,.  so  Vi  would  coincide 
with  ci,  and  Ui  with  Ci. 

Constaat-Heat  Curves,  or  Q-curves. 

(f)  For  wet  saturated  steam  the  equation  of  this  curve  is 

xr  +  q  =•  const.  =  A^.     For  any  given  A^.  the  variation  of  x 

with  T  can  be  found  by  substituting  the  values  of  r  and  g  corre- 


Fig.  43.  —  T^iHaeram  Show- 
ing Jlclhod  of  Constructing 
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spending  to  the  dilTerent  temperatures  used.  Several  of  these 
curves  for  diflferent  values  of  AQ  are  shown  in  Fig.  44.  Referring 
to  curve  E  £,£,,  etc..  it  is  evident 
that  the  areas  under  A  BE,  A  BiEi, 
etc.,  must  all  be  the  same  and 
equal  to  the  value  of  ^Q  for  that 
curve.  Note  particularly  that 
these  curves  represent  xr  +  q  and 
not'  xp  +  q. 

(g)  For  superheated  steam  the 
Q-curve  is  found  in  the  following 
manner :  For  any  assumed  pressure 
p,  the  corresponding  values  of  X 
and  r,  are  obtained  from  the 
Steam  Tables,  Then  if  AQ  is  the 
constant-heat  quantity  under  consideration,  the  temperature  rise 
AQ  - 

ates  of  the  Q-curve  are  T  ^  T,  -^  D,  and  the  abscissas  are 


Fig.  44.  —  T^Diagram  Showing 
P-Curvea,  and  Q-Curves. 


during  superheating  at  pressure p'l&D  =  - 


The  ordin- 


A^,  =  Ai^„ 


—  T  A 

hCplog.^^^ 


r. 


(138) 


in  which   T,,  D  and  C,>  are  known  and  A4«  can  be  obtained 
from  the  tables.  _ 

A  difficulty  arises  in  selecting  the  proper  value  of  C„  because 
the  mean  specific  heat  is  dependent  on  D,  which  is  initially 
unknown.  Hence  it  is  necessarj'  to  adopt  the  "  cut  and  try 
method."  That  is,  a  trial  value  of  Cpis  assumed  and  D  is  com- 
pulir<l;  then  the  value  of  C^  corresponding  to  the  pressure  and 
to  D  is  obtained  from  the  curves,  and  if  it  is  the  same  as  the 
trial  value  the  assumption  was  correct;  but  if  there  is  much  , 
di  ffcrfnce,  a  new  value  must  be  assumed  and  the  process  must  / 
be  repeated.  ^ 


Constant-Pressure  Curves,  or  P-curves. 

(h;  For  saturated  steam  the  P-curves  are  isothermals;  for 
superheated  steam  they  are  not.  In  the  latter  case,  the  rda- 
lion  lictwcon  A*,  and  {T,  +  Z>),  the  temperature  after  super- 
heating, is  given  by  the  Eq.  (138).     If  this  is  solved  for  any 
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pressure,  T,  and  A*„  become  constants,  and  the  variables 
«re  i^,  and  (7",  +  D)  with  related  values  of  Cp.  Correspond- 
ing values  of  these  variables  would  be  used  in  plotting  the 
P-curves,  several  of  which  are  shown  in  Fig.  44. 

The  temperature  of  saturation  T,  for  any  pressure  can  be 
found  by  using  these  curves,  for  it  is  given  by  the  ordinate  of 
the  point  of  intersection  between  the  corresponding  P-cur\e  and 
the  Saturation  Curve, 

The  Final  Ti^f-chart. 

(i)  The  final  T^-chart,  Plate  I  in  the  Appendix,*  contains  all 
the  curves  described  in  Uiis  section,  and  to  it  has  been  added  a 
!tcale  for  the  absolute  pressures  corresfKinding  to  the  tempera- 
tures of  saturation. 

For  a  point  anywhere  on  it  in  the  Saturation  Region  there  can 
be  read  directly  the  corresponding  values  of  T^,  A*^,  x,  V,  p, 
and  ^.  The  latter  is  gi^-en  either  by  the  Q-curvc  or  by  area; 
tht  values  of  q  and  xr  are  given  by  areas;  and  the  pressures  can 
be  read  either  on  the  scale  at  the  left  or  by  extending  the  isother- 
mal to  intersect  the  S-curve,  thus  finding  the  corresponding 
P-curve  in  the  superheated  region. 

If  the  point  is  on  the  W-curve,  T,,  Aipi.  and  p  can  be  read 
^lircctly,  while  q  is  given  by  the  area  l>elow  the  curve. 

For  a  point  on  the  saturation  line  the  values  of  7",,  A^m.  X,  V, 
juid  p  can  be  read  at  once. 

If  the  point  is  in  the  Region  of  Superheat,  T,  A*,,  A*„,  p,  and 

AQ  can   be  read  directly:   the  increase  in   temperature  above 

taturation  is  O  =  7"  —  JT,;  the  B.t.u.  superheat,  AQ^,   is  given 

either  by  an  area,  or  by  {AQ  —  X);  and  the  entropy  of  super- 

t  A«o  is  (A*.  -  A««). 

If  any  expansion  line  is  drawn  on  the  chart,  all  of  the  above- 
ncntionctt  quantities  can  be  read  for  each  point  on  the  line.  If 
the  lines  inclosing  a  cycle  are  drawn,  the  work  dune  per  cj'cle  is 
4  course  given  by  the  area  surrounded. 

It  13  important  to  note  that  the  quantities  given  by  the 
3-curvcs  are  vsilues  of  (xr  +  g),  not  (xp  +  q).  and  contain  the 
txtiTTiai  work  of  vaporization  {xAPu). 

'  A  Uii«T  and  more  accurate  T«-chan  is  contained  ia  Peatwdy't  Steam  and 
TnUa.  publbiliai  l'>-  Wiley  &  Sons. 
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82.  The  HoUier  Chart,  or  Q^Chart.  (a)  This  chart,  Fig.  45,19 
constructed  with  Q^coordinates.  On  it  are  drawn  lines  for 
constant  pressure  (P-curxcs);  for  constant  qualities  (X-curves) 

1300 


Fig.  45-  —  Mdlier  or  Hcat-Entropj-  Chart, 
for  wet  steam;  and  for  constant  temperatures  (T-curves)  for 
superheated  steam.     The  boundary  line  between  the  R^ons  of 
Saturation  and  Superheat  is  the  Saturation  Line  (S-curve), 

(b)  For  wet  steam  AQi  =  xr  +  q  and  A^,  =  A^i  +  xA^. 
If  ihe  pressure  is  constant,  a,  AQi,  and  A^^are  the  only  variables. 
Then  by  substituting  ditTcrent  quahties,  related  values  of  AQr 
and  Ai>i  may  be  found  and  these  can  be  used  in  plotting  the 
F-cur\e.     A  series  of  such  cur^■es  is  shown  in  the  figure. 

(c)  Lines  joining  points  of  the  same  quality  on  the  different 
P-curvfs  constitute  the  X-curvcs. 

(d)  For  su])erheated  steam 


^Q,  =  \  +  CpD  and  A*.  =  A*,,  +  C,  log. 


r, +  /) 


If  the  pressure  is  constant,  A^„  A*„  and  {T,  +  D)  are  the 
variables.  By  substituting  different  values  of  D  in  these 
equations,  the  \Q,  and  A0,  coordinates  of  points  on  the  P-curve 
may  be  found. 

16)  Lines  through  points  of  like  temperatures  are  the  T-curves, 
and  as  drawn  tht'se  give  the  temperatures  in  degrees  Fahr,,  not 
absolute.  Lines  through  points  representing  the  same  increase 
of  temiwratures  alxjvc  saturation  constitute  D-curves, 

if)  The  final  Q«^;hart  is  given  in  Plate  II  in  the  Appendix. 
This  has  all   the  cur\^es  just  discussed,  except  the  D-curves, 
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For  any  point  on  it  there  can  be  read  at  once  the  values  of  ^Q, 
S<ti,  p,  and  X  {or  t). 

82A.  The  EUenwood  QV-Chftrt.  (a)  In  this  chart,  Fig.  45a, 
the  coordinates  are  total  heat  {AQ)  and  volumes  {xV  or  V,)  per 
pound.  ObHque  lines  are  given 
respectively  for  constant  values  of 
pressure  (p),  quality  (x),  superheat 
(P)  and  entropy  (4>). 

(b)  For  any  state  point  on  the 
chart  one  may  read  directly  the 
values  of  p,  x  or  D,  xV  or  V„  A<^ 
and  A^.  From  the  intersection  of 
the  pressure  line  with  the  q-curve 
the  corresponding  value  of  q  may 
be  read  and  from  the  temperature 
scale  along  this  curve  the  vapori^- 
tion  temperature  t,  may  be  Jeter- 
mined.  Hence  in  addition  to  the 
values  given  by  the  Mollier  Chart, 
this  one  gives  volumes  per  pound, 
g,  and  Ir,  which  greatly  increases 
its  field  of  application. 

(c)  Plate  IV  in  the  Appendix  is  a  small  two-page  EUenwood 
Chart  *  in  which  the  volume  scale  changes  progressively,  which 
accounts  for  the  scolloped  appearance  of  the  curves. 

82B.  The  Constant-Pressure  Eztemal-Work  Chart  (EUea- 
wood).  (a)  In  Plate  III  (Appendix)*  the  abscissas  are  volumes 
antl  the  ordinates  give  the  external  work  of  formation  of  steam, 
under  constant  pressure,  from  one  pound  of  water  at  32°  F. 
For  any  pf^iint  on  the  chart  one  may  read  the  external  work,  the 
volume  per  pound,  the  pressure,  and  the  quality  {or  sui>crhcat). 

(b)  The  T4,  MoUicr,  and  EUenwood  Charts  give  total  heat. 
To  obtain  the  intrinsic  heat  necessitates  subtracting  the  ex- 
ternal work  (computed  or  obtained  from  Plate  III). 

•  Kedra«-n  lo  greatly  reduce  scale  from  "Steam  Charts  "  by  F.  O.  EllenwocMi, 
published  by  John  WUey  &  Sons,  Inc. 
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Fig.  45.  —  EUenwood  Chart. 


CIL\PTER   XI. 

VOLUME   CHAlfGES   OF   VAPORS. 

83.  General.  Saturated  and  superheated  vapors,  like  gases, 
ina\'  l>e  made  to  change  volume  in  many  different  ways,  but  the 
^(-iirnil  study  of  such  transformations  may  be  based  on  a  few 
siini>l<-  cases.  The  laws  governing  these  changes  are  different 
from  those  for  similar  gas  processes,  and  this  is  because  of  the 
different  proix^rties  of  the  materials  dealt  with.  For  conven- 
ieiKt!  the  order  of  treatment  in  this  chapter  is  different  from 
that  of  Chapter  W 

84.  Constant-Pressure  and  Isothermal  Volume-Changes  for 
Saturated  Vapors,  (a)  Fixing  the  pressure  of  a  saturated 
\.ijM»r.  wet  or  dry.  fixes  the  temfx^rature;  hence  a  constant- 
|iir    iirr  change  of  such  material  must  also  be  a  constant-tem- 

|M  f.iiiire,  or  isothermal  one. 

The  line  ah  in  the  PV-diagram,  Fig.  46,  and  in  the  T^-diagram, 
'  '/.    17,  is  the  graph  of  an  isobaric  or  isothermal  change  for  do' 
.iiiii.ife<i  vajyor.     In  Fig.  46,  the  abscissa  of  pK)int  a  represents 
iIh    ■  olmne  of  unit  weight  of  the  liquid  at  the  temperature  of 
I  (.'III/. It  ion  c()rresi)()nding  to  the  pressure  Pi.      By  the  addi- 
'I'.ii  ..I  heat   the  li(|ui(l  can  Ix?  vajx)rized  to  any  desired  extent 
•  iiiil  hii.illy  it  has  all  become  dry  saturated  vapor.     This  is  an 
•    ;>  ih  i'>n  .It  ( on^tant  pressure  and  at  constant  temperature  and 
M..    ohis   i-.othernial  expansion  possible  with  saturated  vapor. 
!■   !',ll..v.  .  that  isoharie  and  isothermal  volume  changes  of  satu- 
,'.'1     .i)iof  .  <  an  only  occur  during  vaporization  or  condensa- 
.1    I  hi-   material.     This  is  ecjuivalent  to  saying  that  such 
:■./ m.iiiiMi'*  are  always  accompanied  by  quality  changes. 
.■II    .«.hinie  <  iian^es  cannot  be  carried  beyond  a  quality  of 
I'..    .•  I   iiiii,  lM(aiise  then  the  material  will  all  be  saturated 
•  .-1.     /.iih    I  in-    .|>e(ilic  volume  corresponding  to  the  existing 
\n'      ,,.     iiKJ  Ihm  .lu^e  further  addition  of  heat  at  constant  pres- 
UM   imt  I  UK  f<  .1  .r  the  Volume  of  unit  weight  above  the  value  at 
haiiji.ihon,  hen(  e  nmst  superheat  the  vapor. 
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Equation  for  Isobaric  and  Isothennal   Changes  of   Saturated 

Vapors. 

(b)  The  equation  of  such  changes  in  terms  of  P  and  V  must 
be  the  same  as  that  for  the  constant-pressure  change  of  gases; 
that  is, 

P  p  =  p  =  Constant. 

There  is,  however,  a  real  difference  in  the  two  cases.  When 
dealing  with  gases  it  is  possible,  in  imagination  at  least,  to  carry 
the  isobaric  expansion  to  any  desired  volume,  while  in  the  case 


Volume 

Fig.  46.  —  PV-DIagram  for  Vapor. 

of  saturated  vapors  expansion  per  pound  cannot  be  carried  be- 
yond the  specific  volume  corresponding  to  the  existing  pressure 
without  changing  the  nature  of  the  material  and  its  behavior. 

The  volume  occupied  by  one  pound  of  material  depends  on  the 
quality  jc,  and  can  be  computed  for  water  and  its  vapor  from 

V  =  0.017  +  xu  =  xV  (approx.). 

This  is  true,  no  matter  what  process  the  material  has  under- 
gone, and  a  similar  equation  can  be  found  for  each  material. 

Heat  Changes  during  Isobaric  or  Isothermal  Changes  of  Satu- 
rated Vapors. 

(c)  If  the  expansion  starts  with  all  the  material  as  liquid  at 
the  temperature  of  vaporization,  that  is,  with  an  initial  vapor 
volume  equal  to  zero,  the  heat  change  is  merely  that  accompsuiy- 
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ing  vaporization,  and  must  equal  the  lat^it  heat  of  vaporiza- 
tion per  pound  of  material  if  the  condition  of  dr>'  saturation  is 
rcarhefl.     Hence  the  heat  added  is 

\Q  =  r  =  yp^  APu) (139) 

where  u  is  the  volume  change  represented  by  the  distance  ah 
in  F*ig.  46  and  \Q  is  the  area  below  ab  in  Fig.  47.  lo  the  case 
of  water  vapor,  the  values  of  all  the  quantities  occurring  in  this 
efjuaiion  may  be  obtained  from  the  Steam  Table  given  in  the 
Apix-ndix.* 

If  the  pound  of  material  is  not  completely  vaporized  but  has 
a  quality  equal  to  x,  then 

\Q  =  xr  =  xp  +  xAPu,     ....     (140) 

in  which  xu  is  the  volume  change,  which  is  sho^Ti  by  the  distance 
ab'  in  Fig.  46  and  ^Q  is  the  area  below  abi  in  Fig.  47- 


Entroiiy  ChaiiMfC  Ao 

Fig.  47.  —  T^-Diagnim  for  Vapor. 


If  the  expansion  is  from  quality  .ri  to  arj,  with  corresponding 
Vol  nine  change  from  xiu  to  x-yit  (not  shown  in  the  figure),  the 
c.i^c  is  general,  and  the  change  in  associated  heat  is 

AQ  =  XoK  —  xir 

=  (xo  -  xi)   (p  +  APu) (141) 

*  1  or  steam,  «  =  (V  —  0.017  n),  in  which  V  may  be  obtained  from  the  Steam 

Tables. 
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Work  during  Isobaric  or  Isothermal  Changes    of  Saturated 

Vapors. 

(d)  The  External  Latent  Heat  of  vaporization  is  that  part  of 
the  total  heat  which  does  the  external  work  accompanying  the 
increase  of  volume;  it  must  therefore  be  equivalent  to  the  ex- 
ternal work  done.  Hence  in  vaporizing  to  quality  x,  per  pound 
of  material, 

AE  ^  X'APu  B.t.u (142) 

and 

778  A£  =  :x: .  Ptt  ft.-lbs (143) 

This  work  is  shown  in  Fig.  46  by  the  area  below  ab'.     For  the 
case  in  which  x  =  1. 00,  it  is  the  area  below  ab. 
With  change  of  quality  from  Xi  to  X2  the  work  done  is, 

AE  =  {x2—  xi)  APu  B.t.u.      .     .     .     (144) 
and 

778A£  s=  (jci- ACi)  Pm  ft.-lbs (145) 

85.  Constant-Pressure  Volume  Changes  of  Superheated 
Vapors,  (a)  Starting  from  the  point  b  in  Figs.  46  and  47,  the 
dry  and  saturated  vapor  may  be  made  to  still  further  expand  at 
constant  pressure  to  some  point  C\  by  superheating,  that  is,  by 
raising  the  temperature  above  that  corresponding  to  saturation 
at  that  pressure.  The  further  this  expansion  continues  the 
more  nearly  the  behavior  resembles  that  of  a  gas,  and  there  is 
no  theoretical  limit  to  such  expansion,  as  there  was  in  the  case  of 
the  saturated  vapor. 

Equation  of  Isobaric  Change  of  Superheated  Vapor. 

(b)  The  equation  in  terms  of  P  and  V  must  be  the  same  as 
that  already  developed  for  gases  and  saturated  vapors,  namely, 

PV^  ^  P  =  Constant. 

Heat  Change  during  Isobaric  Changes  of  Superheated  Vapor. 

(c)  As  the  temperature  must  be  raised  at  constant  pressure 
in  order  to  increase  the  volume,  or  lowered  at  constant  pressure 
to  reduce  the  volume,  it  follows  that  a  quantity  of  heat  equal 
to  the  specific  heat  at  constant  pressure,  Cp,  must  be  added 
or  abstracted  per  degree  change.  Then  for  heat  added  above 
saturation  /'a 

AQd=    /     CpdT, 
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or,  using  the  mean  specific  heat  Cp  for  the  temperature  range  D 
measured  from  the  temperature  of  saturation, 

^QD=  CpD (146) 

In  Fi^.  47  this  is  shown  by  the  area  below  bc\  for  a  case  in  which 
the  heal  change  is  reversible. 

Vnr  an  isobaric  change  from  superheat  temperature  Di  to  A 

A<2  =  {CpDh  -  (CpD), (147) 

This  is  ecjuivalent  to  AQ  =  Cp  (A  -  A)  =  C'p  (F,  -  Ti),  where 
(",,  is  (lie  mean  specific  heat  for  the  temperature  range  involved. 
In  I'i^;.  47  this  heat  change  is  shown  for  reversible  conditions  by 
the  area  Inflow  C1C2, 

The  foregoing  equations  giving  the  heat  change  are  not 
sulVKient  for  use  in  engineering  problems  as  they  generally 
<»r(  III.  It  is  usually  not  only  necessary  to  know  the  range  of 
superheat,  hut  also  the  volume  change  accompanying  it.  In 
the  ease  of  gases,  this  can  be  found  from  the  Law  of  Charles, 
Im!  su|HTheated  vapors  as  generally  treated  in  engineering  are 
not  lar  enough  removed  from  the  condition  of  saturation  to  even 
sensihiy  obey  that  law. 

It  is  possible  to  find  this  volume  change  for  superheated 
water  vapor  l>y  using  the  approximate  equation  of  Tumlirz  pre- 
\  ioiisU  ^;i\en  as  Va\.  U34^-  Writing  this  for  volumes  Vi  and  V| 
.iml  tlien  dividing  Ki^**-'^'  f^^r  pressures  in  pounds  per  square  inch, 

V.  ^  r.  -_a4293^ 

V2  To   -   0.4293  p2 

^wur  /v  />!  ilurinj;  an  isobaric  change,  this  equation  reduces 
lo  I lu-  toiin 

Vi       Ti  —  Constant 


V;       7'i  —  Constant' 


(149) 


\:\  wiv.vh  ihe  ron^iam  has  a  iiilYerent  value  for  every  pressure. 
r  ^'  etUH  I  i«i   ihi^  v'oneetive  constant  l)ecomes  less  with  in- 
u mpcjaiure  or  vlecreasi'  of  pressure,  and  there  is  an 
.;\i:i\  iiK  vK»m'i  approavh  of  the  equation  to  that  of  Charles* 
loser  loeniMviniV  of  the  superheated  vapor  to  an 
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Work  during  Isobaric  Changes  of  Superheated  Vapor. 

(d)  During  an  isobaric  change  with  one  pound  of  any  work- 
!  material  the  work  is 

778  A£  =  P  (Vs  -  V,)  ft.-lbs (150) 

faich  was  first  developed  In  the  case  of  gases  as  Eq.  (24).  If,  in 
ig.  46,  the  expansion  is  from  ci  to  ci,  the  work  done  is  given 
f  the  area  below  C|d. 

86.  Isothermal-Volume  Changes  of  Superheated  Vapors. 
,)  These  must  in  a  general  way  resemble  the  isothermal 
tanges  of  gases,  since  superheated  vapors  approximate  the 
seous  conditions.  The  exact  behavior  of  any  particular  vapor 
der  these  conditions  must,  however,  be  determined  by  experi- 
jnt.  For  superheated  water  vapor  the  necessary  information 
n  be  obtained  from  the  approximate  equation  of  Tumlirz. 

Equation  of  Isothermal  Change  of  Superheated  Water  Vapor. 

(b)  Rearranging  the  Tumiirz  equation  (134)  and  maintaining 
'  constant  gives  the  following  for  isothermal  changes  for  this 
Bterial,  for  p  in  pounds  per  square  inch. 

pV  +  o.2g6p  =  0.5962  T  =  Constant,     .     ,     (151) 
td  from  Eq.  (135),  for  P  in  pounds  per  square  foot, 

PV  +  0.256  P  =  85.86  T  =  Constant.  .  .  ( 1 52) 
Comparing  this  latter  with  the  Eq.  (14}  for  gases,  namelj', 
PV  =  RT. 
i  evident  that  it  diHers  only  in  the  addition  of  a  second 
rm  (0,256  P)  in  the  first  member.  Obviously  the  smaller  the 
tmcncal  value  of  the  pressure  the  smaller  will  be  this  cor- 
ctive  factor  and  the  more  nearly  will  the  vapor  obey  the  ideal 
i  law.  II  Eqs,  (151)  and  (152)  be  divided  by  T,  it  becomes 
)parent  that  the  greater  the  numerical  value  of  T  the  smaller 
H  be  the  effect  of  the  corrective  factor  and  therefore  the  more 
irly  will  the  material  approach  the  condition  of  an  ideal  gas. 
Work  during  Isothennal  Changes  of  Superheated  Vapor, 

(c)  The  work  done  by  an  expanding  vapor,  as  well  as  gas,  is 
I  in  all  cases  by  the  expression  first  developed  as  Eq.  (41), 

778A£=    r^'Pdrft.-lbs. 
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However,  in  order  to  perform  the  integration  in  any  case,  it  is 
necessary  to  know  the  relation  between  P  and  V,  and  this  is  a 
matter  for  experimental  determination.  The  relation  given  by 
the  equation  of  Tumlirz,  Eq.  (135),  may  be  used  for  superheated 
water  vapor.     From  this  equation, 

p^    85.86  r 
V  +  0.256' 

which  value  may  be  substituted  in  the  type  integral,  and  the 
integration  performed,  giving  per  pound  of  water  vapor 

778  A£  =  85.86  T  I      .y-—^ — 2 
'*  ^  Jvi  V  + 0.256 

=  85.86  riog.^;  +  ^g  ft..ibs.    (153) 

Eq.  (43b),  for  work  during  isothermal  changes  of  gases,  may  be 
written 

778  A£  =  (PiVil0ge^)=   i^rioge^. 

Comparing  Eq.  (153)  with  this,  it  again  appears  that  the  higher 
the  temperature  and  the  lower  the  pressure  the  more  nearly  do 
the  equations  developed  for  superheated  water  vapor  approach 
those  for  the  behavior  of  gases,  and  by  analogy  the  same  must 
be  true  of  the  behavior  of  all  superheated  vapors. 

If,  in  Fig.  46,  the  isothermal  expansion  is  from  a  to  d,  the 
work  is  represented  by  the  area  below  C2</. 

Heat  Change  during  Isothermal  Changes  of  Superheated  Vapors. 

(d)   Applying  Eq.  (i), 

AQ=  AS+  M+  A£, 

to  this  case,  it  is  evident  that  the  term  AS  must  be  zero,  since 
temperature  does  not  change;  but  A/  must  have  some  value 
other  than  zero,  since  the  materials  cannot  be  said  to  eVen 
sensibly  approach  the  condition  of  ideal  gases.  The  term  A£ 
must  also  have  a  value  other  than  zero  if  work  is  to  be  done  by 
or  upon  the  superheated  vapor.  For  any  case  A£  can  be  readily 
found,  but  A/  is  more  difficult  to  evaluate,  and  any  equation  for 
the  value  of  A^  which  could  be  developed  would  necessarily  be 
a  very  cumbersome  one. 
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(e)  Fortunately  the  T^-diagram  oflfers  a  simple  means  of  deter- 
ining  A^.  since  this  quantity  is  represented  by  an  area  on  tliat 
E^am.  when  the  change  is  reversible. 
Assume  for  instance  Ihat  it  is  desired  to  find  the  heat  required 

;  pound  of  water  vapor  is  expanded  isothermally  and 
versibly  from  a  pressure  Pi  and  a  temperature  Ta  above  satu- 
tion  temperature  7",,.  to  a  lower  pressure  Fi.  It  is  only 
icessary  to  draw  the  horizontal  line  c^d  in  Fig.  47,  between  the 
pressure  Hues  and  at  the  desired  temperature,  and  then 
rtermine  the  area  under  ctd. 

Fig.  47  is  only  a  special  case  of  Plate  I  of  the  Appendix,  and 
practice  the  latter  would  be  used. 

(f)  Note  that  the  heat  added  to,  or  subtracted  from,  super- 
atcd  steam  isothermally  is  not  equal  lo  the  difference  in 
tai  beats,  since  the  isothermal  of  superheated  vapors  is  not 
constant-pressure  line.  In  the  case  of  reversible  isothermal 
pansion  this  heat  is  equal  to  T  X  A*,  both  of  which  quan- 

ies  can  be  obtained  from  the  Mollier  or  Ellenwood  Charts 

1-n  in  the  Appendix. 

^.  Adiabatic  Changes  of  Saturated  Vapors,  (a)  With  the 
Ception  of  problems  involving  the  flow  of  vapors  in  wliich  the 
kt«nal  is  accelerated  as  a  whole,  the  adiabatic  changes  of  vapors 
lich  are  considered  by  the  engineer  are  thermodynamically 
rersible  in  the  ideal  case.  In  the  following  paragraphs  only 
»e  reversible  processes  will  be  considered,  leaving  the  more 
nplicated  irreversible  processes  for  later  development. 
Since  reversible  adiabatic  changes  are  also  isentropic  ones, 
eir  graph  on  the  T0-diagram  must  be  a  vertical  line.  This 
fers  a  very  easy  means  of  studying  these  changes  in  every  case 
lere  there  are  sufficient  experimental  data  for  the  drawing  of 
»  diagram. 
(bj   The  diagram  in  Fig.  48  is  developed  from  the  T*-dia- 

\  for  xoaler  vapor  witli  the  lines  of  constant  quality  shown  — 

ginally  given  in  Fig.  42  (a)  and  Plate  I.     To  this  have  been 

I  vertical  lines  representing  reversible  adiabatic  expansions 

rting  at  each  20  per  cent  of  quality  at  the  pressure  Pi.    The 

■am  sliows  thiit  when  the  initial  quality  is  high  {point  a  in 
;.  48)  the  quality  of  water  vapor  must  decrease  as  the  expansion 
fresses,  and  when  tfie  initial  quality  is  low  (point  b)  it  mttst  in- 
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crease  during  expansion.     \ear  the  middle  of  the  diagram,  that 
is,  with  initial  quality  near  50  per  cent,  x  remains  nearly  con- 


stant durii^  the  entire  expansion.  This  is  not  1 
property  of  all  vapors,  as  it  depends  on  the  relation  between  the 
\'arious  heat  quantities  and  is  thus  a  matter  for  experimental 
determination. 

This  is  well  shown  by  considering  the  case  of  Eiher  Vapor. 
The  T^-diagram  for  this  material  is  given  in  Fig.  49.     As  in  the 


Entropy 

Fig.  49.  ^T^-Diagram  for  Ether  Vapor. 

last  case,  the  constant-quality  lines  and  isentropic  lines  for  every 
20  j)er  cent  initial  quality  are  drawn.  It  is  evident  from  the 
figure  that  during  reversible  adiabatic  expansion  of  ether  vapor 
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I  quality  must  continually  increase,  whatever  its  initial  value 
^be. 

Kc)  At  any  initial  quality  between  o  per  cent  and  lOO  per  cent 
e  quality  changes  will  be  governed  by  the  relative  quantities  of 

fauid  and  vapor  present,  as  can  be  seen  for  the  case  of  water  bj' 

■erring  to  Fig.  48.  In  this  case  large  quantities  of  liquid  make 
Bilablc  so  much  heat  with  decrease  of  pressure  or  temperature 
nt  evaporation  (or  "quality  increase")  must  occur  as  expansion 
igresses;  large  quantitiesof  vapor  make  available  so  small  aquan- 
Y  of  heat  by  pressure  drop  alone  that  condensation  must  occur. 

h\'ith  initial  qualities  of  about  50  per  cent,  the  two  effects 
lately  balance  and  the  quality  remains  almost  constant. 

(d)  The  case  of  ether  as  already  shown  is  very  different. 
Referring  to  Fig.  49,  it  is  seen  that  with  expansion  starting  at 
any  quality  between  o  per  cent  and  100  per  cent  the  heat  liber- 

od  due  to  pressure  drop  alone  is  more  than  sufficient  to  do  the 
'  external  work,  and  the  expanding  material  must  ab- 
rb  part  of  the  liberated  heal.  When  the  quality  is  less  than 
}  per  cent,  this  is  done  by  vaporization,  with  possible  super- 
sting  toward  the  end  of  the  process;  and  when  the  quality 
equal  to  or  greater  than  100  per  cent,  superheating  occurs 
nughout  the  expansion. 
Comparison  of  Figs.  48  and  49  shows  that  because  the  heat 
the  liquid  varies  much  more  rapidly  and  is  much  greater  in 
ntity  in  the  case  of  ether  vapor,  the  quality  lines  for  that 
r  all  slope  in  the  same  direction,  thus  accounting  for  the 
■ence  in  phenomena  occurring  during  adiabatic  expansion. 

ion  of  Reversible  Adiabatic  Changes  of  Saturated  Vapors. 

(e)  Since  these  changes  are  generally  studied  by  means  of  the 
■diagram,  iho  most  useful  equation  is 

i*  =  Constant,  or  (i<^iji  =  (A*i)s. 

lis  equation  gives  no  direct  means  of  plotting  the  curves  rep- 
enting adiabatic  expansion  to  PV<oordi nates,  but  may  be 
i  indirectly  for  that  purpose. 

Irst,  the  qualit}'  at    the  end  of  adiabatic  expansion,   from 
(fturc  (fi  and  quality  Xi  to  pressure  pi,  may  be  computed  by 
for  Xi  in  the  following  equation: 

(A*j  +  jr.i*,h  =  a*, +.r  A*„)2.    .     .     .     (154) 
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Then,  the  volume  cxxrupied  by  unit  weight  of  the  substance, 
at  the  end  of  the  expansion,  is  found  by  multiplying  the  specific 
volume  by  Xj. 

As  already  shown,  the  isen tropic  line  corresponding  to  Eq. 
(154)  gives  a  means  of  reading  directly  the  quality  of  the  expand- 
ing material  on  the  T0,  Mollier,  and  Ellenwood  Charts. 

(f )  For  water  vapor  at  common  operating  pressures  and  with 
initial  quality  between  100  and  70  per  cent,  the  relations  be- 
tween pressure  and  volume  during  adiabatic  expansion  are  given 
aj)proximately,  but  very  accurately,  by  the  equation 

P  T"  =  Constant, (155) 

in  which  the  value  of  n  is  given  by  the  following  equation, 

n  =  1.035  +  0.1  X (156) 

where  x  is  the  initial  quality  expressed  as  a  decimal  fraction. 

The  PV  relations  can  also  be  obtained  from  the  Ellenwood 
and  T<t)  Charts. 

Work  Done  dtuing  Adiabatic  Changes  of  Saturated  Vapors. 

(g)  Since  all  the  work  done  during  such  an  expansion  must 
be  obtained  at  the  expense  of  intrinsic  heat  energy,  and  since 
no  heat  energy  is  used  for  other  purposes,  it  follows  that  if 
{xr  +  2  —  xAPu)i  =  (jcp  +  q)i  represent  the  intrinsic  heat 
energy  before  an  adiabatic  change  and  {xr  +  q  —  xAPu)^  = 
(xp  +  2)2,  the  intrinsic  heat  energy  after  such  a  change,  the 
External  Work  Done  is 

A£  =  (at  +  g  -  xAPu)i  -  (xr  +  q-  xAPu)t  .  (157) 
=  (ATiPi  +  qi)  -  (.VjPj  +  qt) (158) 

In  using  this  equation  the  initial  conditions  are  known:  Xt  is 
obtained  from  Eq.  154,  and  pa  and  gj  are  found  from  the  Vapor 
Tables  for  pressure  />2- 

(h)  If  the  PV-diagram,  Fig,  50,  be  for  one  pound  of  steam, 
then  when  the  point  b  is  reached  the  heat-energy  {xAPu)i  has 
l)een  al)stracted  from  the  steam  and  absorbed  by  displacing  a 
j)ision  or  surn^unding  media  against  resistance.  Thus  there  re- 
main (.vp  +  q)i  heat  units  with  which  to  begin  the  adiabatic  ex- 
pansion. At  point  c,  there  are  (.vp  +  q)i  heat  units  left  in  the 
steam,  anrl  the  quantity  (xAPiOz  would  not  appear  unless 
eiihcr  hy  compression  or  some  equivalent  process  the  volume  of 
tile  steam  is  contracted  isobarically  an  amount  x^iis  to  the 
volume  of  the  liciuid.  as  shown  at  d. 
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The  area  below  ab  is  (xAPu)i  B.t.u.;  the  area  below  be  shows 
the  work  done,  or  heat  utilized  during  adiabatic  expansion  alone, 


yoUmm 
Fig.  so.— PV-Diagram. 


Fig.  51.— -T<^-Diagram. 


and  is  [(xp  +  q)i  —  (xp  +  g)j]  B.t.u.;  the  area  below  cd  is 
{xAPu)i  B.t.u. 

(i)  On  the  T^-diagranii  Fig.  51,  the  areas  below  lines  such  as 
oab  represent  {xr  +  q)  quantities  which  include  the  external 
latent  heat  of  vaporization.  From  these  quantities  must  be  de- 
ducted the  appropriate  values  of  xAPu*  to  obtain  the  heat  in  the 
steam  during  an  isentropic  process.  (Note  that  in  the  T0-chart, 
Plate  I,  the  xAPu  quantities  are  also  included  in  the  values 
given  by  the  Q-curves.) 

(j)  On  the  Mollier  diagram  and  on  the  Ellen  wood  Chart  the 
abscissas  (AQ)  also  include  the  external  work,  and  this  latter  * 
must  be  deducted  when  considering  the  heat  utilized  during 
adiabatic  expansion  alone  (see  (g)  above). 

88.  Adiabatic  Changes  of  Superheated  Vapors,  (a)  These 
changes,  like  those  for  saturated  vapors,  are  best  studied  by 
means  of  the  T^-diagram.  Vertical  lines,  such  as  that  through 
e  in  Fig.  48,  drawn  to  represent  reversible  adiabatic  expansion  of 
su|>erheated  water  vapor,  show  that  as  the  expansion  is  carried 
to  lower  pressures  the  material  approaches  the  saturated  con- 
dition and  may  indeed  attain  a  quality  less  than  unity.  On  the 
other  hand,  similar  lines  on  the  T0-diagram  for  ether,  Fig.  49, 
show  that  if  such  an  expansion  starts  with  superheated  vapor  the 
superheat  increases  as  the  expansion  continues. 

*  The  constant-pressure  external  work  of  formation  of  steam  from  one  pound  of 
water  can  be  obtained  from  the  External  Work  Chart,  Plate  III,  in  the  Appendix. 
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Equation   of   Reversible   Adiabatic    Changes   of   St^erbeated 

Vapors. 

(b)  As  in  the  case  of  saturated  vapors,  the  general  equation 
for  reversible  adiabatic  changes  of  superheated  vapor  is 

A0  =  Constant,  or   (A<t>,)i  =  (A4>)t. 

If  the  steam  is  expanded  to  wetness,  the  quality  may  be  found 
by  solving  for  X2  in  the  following  equation : 

(A0,)i  =  (A4>i  +  xA<t>^)i (159) 

(A0,)i  can  be  computed  from  Eq.  138,  {A<t>i)2  and  (A^r)2,  in  the 
case  of  water  vapor,  can  be  obtained  directly  from  the  Steam 
Tables. 

If  the  expansion  takes  place  entirely  in  the  Region  of  Super- 
heal,  the  final  temperature  T2  =  (T^  +  D)^  can  be  found  from 

( A«.)i  =  (a««  +  Cp  log.  '^^^^^\ '       '     .      (160) 

Here  Cp  is  the  mean  specific  heat  for  the  temperature  range 
D2  =  {T  —  Tr,)2  and  T^,  is  the  temperature  of  vaporization  at 
the  terminal  pressure. 

External  Work  Done  during  Adiabatic  Changes  of  Superheated 

Vapors. 

(c)  As  in  other  cases  of  adiabatic  changes,  the  external  w^ork 
done  during  this  reversible  adiabatic  change  is  equal  to  the 
intrinsic  heat  change.  During  a  constant-pressure  change  from 
liquid  at  the  temperature  of  vaporization  to  superheated  vapor, 
the  external  work  per  pound  is 

AEp  =  AP(V,  -  0.017)  B.t.u (161) 

where  V,  is  the  specific  volume  of  the  superheated  steam  from 
Eq.  (134) ;  hence  the  external  work  done,  if  the  steam  remains  in 
the  superheated  state  throughout  the  isentropic  expansion,  is 

AE.  =    \  +  J^CpdT-  AEp]  ''l\  +  J^CpdT-AE^  (162) 

=  [X  +  C,D-AEp],  "[X  +  CpD  -AE,]2,     .     •     .     .     (163) 
in  which  A  is  found  from  Eq.  (160) 
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^■If  vapor  initially  superheated   is  expanded   to  wetness  with 

^nality  Xt,  the  external  work  done  is 

W  A£„  =  [\+  C^D  -  AEp]i  -  [xp  +  3]2,    .     .     -     (164^ 

Qn  which  xj  is  found  from  Eq.  (159}. 

L   On  the  PV-diagram  this  work  is  represented  by  the  area  below 

Bbc  expansion  line.     In  using  either  the  T^,  MoIHer,  or  Ellen- 

^Bood  diagrams,  to  obtain  the  work  done  during  isentropic  ex- 

^■fcnsion    alone,    it    is  necessary    to   deduct    the    \Ep  quantities 

^Btid  the  A  Pu  quantities  if  entering  the  saturation  region)  from 

^■ic  heat  values  found. 

B  89.  Constanf-Volume  Changes  of  Saturated  Vapors,  (a)  If 
^■saturated  vapor  is  10  change  pressure  at  constant  volume,  there 
^Bust  be  a  quality  change,  because  the  same  weight  of  material 
^B  the  form  of  vapor  cannot  occupy  a  given  space  at  two  difler- 
^Blt  temperatures.  During  a  pressure  drop  there  is  a  tendency 
^Br  eatttrated  vapor  to  increase  in  volume,  hence  if  the  volume 
^B  maintained  constant  there  must  be  a  decrease  of  quality  1  that 
^B,  condensation  must  lake  place.  The  reverse  is  of  course  true 
^Br  a  pressure  rise. 

Equation  of  Constant-Volunie  Change  of  Saturated  Vapor. 
(1>)    .As  in  previous  cases,  thL-  equation  of  a  cunatant-volume 
change  Is,  in  terms  of  pressure  and  volume, 
r  =  Constant. 

Heat   Change  during    Constant-Volume   Change   of    Saturated 

Vapor. 

(e)    It  was  shown  in  Section  70  that  the  quality  of  saturated 

vapor  could  be  found  by  dividing  the  volume  occupied  per  pound 

of  mixed  vapor  and  liquid  by  the  specific  volume  corresponding  to 

the  procure  existing.     By  using  this  method  the  quality  changes 

which  occur  during  a  constant-volume  change  of  saturated  vapor 

Ljnay  be  found,  and  when  the  quality  at  any  pressure  is  known 

^Ihc  intrinsic  heat  for  that  state  may  be  determined. 

CoDstant-Volume  Changes  of  Superheated  Vapors. 
■)  When  a  superheated  vapor  changes  pressure  at  a  coiislant 
vlume,  there  must  be  a  temperature  change  similar,  but  not 
cal,  lo  that  occurring  in  the  case  of  an  ideal  gas  undergoing 
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the  same  sort  of  change.  The  equation  of  Tumlirz,  Eq.  (134) 
may  be  used  to  find  the  temperature  of  water  vapor  correspond- 
ing to  any  pressure  and  volume,  and  hence  such  changes  (01 
tlicir  equivalents,  if  irreversible)  can  be  plotted  to  PV  or  T^ 
coordinates. 

Equation  of  Constant-Volume  Changes  of  Superheated  Vapors. 

(b)  As  in  all  other  cases,  the  equation  in  terms  of  PV  coordi- 
nates is 

V  =  Constant. 

Heat  Change  during  Constant-Volume  Change  of  Superheated 

Vapor. 

(c)  Since  the  temperature  and  pressure  can  be  found  for  any 
point  in  a  constant-volume  pressure  change  of  superheated 
vapor,  the  intrinsic  heat  can  also  be  found  for  every  point.  The 
difference  between  the  intrinsic  heats  at  beginning  and  end  of 
the  constant  volume  change  must  be  the  amount  of  heat  added 
to.  or  subtracted  from,  the  steam. 


CHAPTER   XII. 

VAPOR   CYCLES. 

91.  Camot  Cycle  with  Dry  Saturated  Steam,  (a)  The  Car  not 
cycle  may  be  carried  out  with  a  saturated  vapor  of  any  kind  in 
the  same  apparatus  as  was  assumed  in  Section  49  and  shown 
in  Fig.  17.  For  simplicity  assume  the  cylinder  to  contain  unit 
weight  of  water  at  the  temperature  Ti.  Then  the  volume  occu- 
pied by  the  liquid,  inclosed  by  the  cylinder  head,  cylinder  walls, 
and  piston,  will  be  that  of  unit  weight  of  water  at  temperature 
Ti  and  corresponding  pressure.  This  is  plotted  as  the  point  a 
on  the  PV-diagram,  in  Fig.  52,  with  volume  greatly  exaggerated. 

If  heat  is  added  to  the  liquid  from  the  hot  body  U  and 
the  piston  is  allowed  to  move  out  at  just  the  proper  rate 
to  maintain  a  constant  pressure  on  the  working  substance, 
vaporization  will  occur  at  constant  pressure  and  therefore  at 
constant  temperature.  The  volume  would  consequently  in- 
crease isothermally,  or  the  process  would  be  an  isothermal  ex- 
pansion. 

When  vaporization  is  complete  the  volume  attained  will  be 
the  specific  volume,  Vd,  of  water  vapor  at  temperature  Ti  and 
corresponding  pressure.  The  isothermal  expansion  will  then  be 
represented  by  the  constant  pressure  line  ab. 

If  now  the  nonconducting  cylinder  cover  Z  is  applied  and  the 
piston  allowed  to  continue  its  outward  motion,  the  expansion  of 
the  vapor  must  be  adiabatic.  The  actual  shape  of  the  line 
representing  such  expansion  will  be  given  approximately  by 
P  V"  =  Constant,  and  is  represented  by  the  curve  bc^  on  which 
c  is  a  point  where  the  temperature  has  reached  that  of  the  cold 

body,  T2. 

If  now  Z  is  replaced  by  the  cold  body  and  the  piston  is  forced 
inw^ard,  condensation  must  occur,  the  heat  liberated  being  ab- 
sorbed by  the  cold  body.  Condensation,  like  evaporation,  is  a 
change  at  constant  temperature  and  constant  pressure,  and  hence 
is  represented  by  a  horizontal  line  from  c  toward  the  left. 
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To  complete  a  Carnot  cycle,  it  is  necessary  to  stop  the  process 
of  condensation  when  the  volume  has  decreased  to  some  value 
Vd,  so  chosen  that  the  final  adiabatic  compression  will  bring  the 
material  back  to  the  liquid  form  with  conditions  Tu  Pat  and  V«. 
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Fig.  52.  — PV-Diagram  for  Camot  Cycle  with  Dry  Saturated  Water  Vapor  at  h. 

(b)  The  T0-diagram  of  the  cycle  is  drawn  in  Fig.  53,  on  which 
the  water  curve  and  saturation  curve  are  indicated  by  dotted  lines. 
This  diagram  is  lettered  to  correspond  with  Fig.  52.  It  shows 
how  the  quality  of  the  steam  must  decrease  during  the  adiabatic 
expansion  be,  and  how  by  stopping  the  condensation,  or  iso- 
thermal compression,  at  the  proper  point,  d,  it  is  possible  to 
return  the  material  to  the  liquid  condition  at  temperature  Ti  by 
adiabatic  compression  da. 

Note  that  the  T</>-diagrams  for  the  Carnot  cycle  for  vapor  and 
gas  are  identical,  but  that  this  is  not  true  for  the  PV-diagrams 
l)ecause  of  the  difference  in  the  properties  of  the  materials. 

Work  per  Pound  of  Dry  Saturated  Water  Vapor  Operating  in 

Camot  Cycle. 

(c )  The  work  done  per  c>'cle  can  be  obtained  in  several  ways, 
two  of  which  will  be  considered.  They  are  practically  the  same 
as  those  previously  used  for  gas  cycles. 

(d )  The  first  method  is  to  take  the  algebraic  sum  of  the  quan- 
tities  of  work  done  during  the  several  processes  of  the  cyde. 
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p 
(i)  The  work  during  the  isothermal  expansion  equals  — ^  (Vft—  Fa) 

B.t.u.,  and  (2)  that  during  the  isothermal  compression  similarly 
p 

equals  — ^  {Vc  —  Va)  B.t.u.     (3)  The  work  during  adiabatic  ex- 
770 

pansion  must  be,  as  shown  in  Eq.  (158),  the  difference  between 
the  quantities  of  intrinsic  heat  energy  above  32®  F.  at  the  be- 
ginning and  end  of  the  process;  that  is,  {qh  +  pb)  —  {g.c  +  Xcpe)- 
(4)  Similarly,  the  work  during  adiabatic  compression  is 
Qo  —  (Qd  +  Xdpd).  The  values  of  the  qualities  Xc  and  Xd  can  be 
found  from  the  constant-entropy  equation  (154)  or  from  either 
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Fig.  53.  — T^-Diagram  for  Camot  Cycle  with  Dry  Saturated  Water  Vapor  at  b. 

of  the  entropy  diagrams;  hence  in  any  problem  all  the  terms  are 
known  and  the  total  work  done  during  the  cycle  equals  the 
algebraic  sum  of  the  four  expressions. 

(e)  The  second  method  and  more  direct  one  is  to  subtract 
from  the  total  heat  supplied  the  total  heat  rejected;  the  differ- 
ence must  be  the  heat  converted  into  work,  and  must  be  rep- 
resented by  the  area  within  the  four  lines  of  the  cycle. 

The  heat  supplied  during  the  isothermal  expansion  is  n,  the 
latent  heat  of  vaporization  of  the  material  at  the  tenii)erature 
Ti.  The  heat  rejected  is  the  part  of  the  latent  heat  liberated 
during  the  partial  condensation  and  is  (xcr-z  —  xar^)  =  ro  (.v<  —  .Vd), 
in  which  Xc  and  Xd  are  determined  from  the  constant-entropy 
ec^uation*  (154)  or  from  either  of  the  entropy  dia^i^rams.     The 

•  Just  as  Xe  is  the  quality  at  the  end  of  adiabatic  expansion  he,  so  Xfi  may  be 
ronsidered  as  the  quality  at  the  end  of  an  adiabatic  exywnsion  ad.  The  constant- 
eotropy  equation  is  applied  to  the  line  be  to  find  xc  and  to  the  line  ad  to  find  xd- 
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external  work  done  must  then  be,  when  the  steam  is  diy  and 
saturated  at  the  beginning  of  expansion, 

A£  =  AQi  -  Aft  =  ri  -  r2  (xc  -  Xd)  B.t.u.  .     .     (165) 
and 

778  AE  =  778  [fi  -  fj  {xc  -  Xd)]  ft.-lbs (166) 

The  expression  numbered   (165)  is  really  obvious  from  the 
T^diagram  drawn  in  Fig.  53. 

(f )   From  Fig.  53  it  is  also  seen  that 

A£  =  (ri-  r2)A«,  =  (Fi-  Tj)^^.  .     .     (167) 

The  last  form  is  the  simpler  in  use.     In  it  the  expression 

^  ^ — —  is  the  efficiency  Efc  of  the  cycle,  as  will  be  shown 
1 1 

next,  hence 

A£  =  fi  X  £/c (168) 


Efficiency  of  the  Camot  Cycle  Using  Dry  Saturated  Water 

Vapor  as  a  Working  Substance. 

(g)  The  efficiency  must  of  course  equal  the  ratio  of  the  work 
done  per  cycle  to  the  heat  supplied  per  cycle;  hence  from  Ekj. 

(165) 

17/  ri  —  r2  (Xe  —  Xd) 

rjc  = • 

A  more  convenient  expression  can  be  found  directly  from  the 
T^-diagram. 

(h)  Remembering  that  area  under  the  line  ab  in  Fig.  53  repre- 
sents heat  supplied  from  the  hot  body,  and  that  the  area  of  the 
cycle  represents  heat  converted  into  work,  it  is  evident  that 

_  Ti  (A06  -  A<t>a)  -  n  {A4>c  -  A<t>d)  _  ri~  Tt 
^^'  r,  (A06  -  A0a)  "•        Ti      '  •     ^'^^ 

which  is  the  same  as  the  expression  for  efficiency  of  the  Camot 
engine  using  gas  as  a  working  substance. 

(i)  The  Carnot  cycle,  consisting  as  it  does  of  two  rever^Ue 
isothermals  crossed  by  two  reversible  adiabatics,  must  have 
identical  T</>-diagrams  for  all  working  substances.  Since  the 
development  just  given  depends  only  on  this  diagram  and  not 
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Upon  the  properties  of  the  material,  it  follows  that  the  expression 
-^-f — -  must  give  the  efficiency  of  the  Camot  cycle  operating 
with  any  working  substance. 

93.  The  Camot  Cycle  vith  Any  Vapor,  (a)  The  case  just  con- 
sidered, in  which  the  working  vapor  is  brought  to  the  dry  satu- 
rated condition  before  adiabatic  expansion  begins,  is  the  simplest 
possible  case  as  far  as  the  expressions  for  heat  and  work  are  con- 
cerned. But  adiabatic  expansion  might  begin  with  the  liquid 
only  partly  vaporized  by  isothermal  expansion;  that  is,  with  a 
quality,  xt,  at  the  top  of  the  adiabatic.  Or,  the  vapor  might  be 
superheated  before  adiabatic  expansion  begins.  Further,  a  mate- 
rial like  ether,  with  properties  markedly  different  from  steam,  and 
with  different  behavior  during  adiabatic  expansion,  might  be  used. 

In  any  case  _       t  —T 


and 


(170) 


(171) 


where  A^i  is  the  heat  added  at  constant  temperature  Tt  to  the 

liquid  previously  raised  to  that  temperature. 

For  steam  initially  dry  and  saturated,  AQi  =  rj  .     .  .     (172) 

For  steam  initially  wet,                           A^i  =  xin     .  .     (173) 
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Fig.  54,  — T*-Diagrain  for  Carnot  Cycle  nilh  Superheated  Sieam. 

(b)    For  steam  at  pressure  P,  Fig.  54,  superheated  to  temper- 
ature Ti,  iCi  is  given  by  the  area  below  ab.     In  the  figure  PP 
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is  the  constant-pressure  curve  through  b  and  ^4>m  is  the  entropy 
of  saturation  at  this  pressure.     Evidently 

AOi  =  fi  +  Ti  (A««' -  A««.  +  A W) (174) 

=  n  +  Ti  {^4>J  -  A^„.  +  C/  log.  — jft^).  .     (175) 

where  the  subscript  1  refers  to  the  values  corresponding  to  Ti 
and  the  primed  quantities  are  those  referring  to  the  pressure  at 
the  point  6:  hence  fi  does  not  correspond  to  pressure  P. 

(c)    In  Pig.  55  are  shown  PV-  and  T^-diagranis  of  Camot 
cycles   illustrating   different    possibilities  when   saturated   and 
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Fig.  55.  — Carnol  Cycles  for  Vapors — Various  Possibilities. 

superheated  va|X)r  arc  used  as  working  substances.  The  bold 
lines  repn^sent  the  isothermal  reception  and  rejection  of  heat. 
In  the  PV-diagrani  these  arc  horizontal  only  when  the  vapor  is 
saturated.     Figs.  55  (a),  (6),  and  ic)  are  for  steam,  and  in 
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ca%  ahcd  is  the  diagram  which  is  obtained  with  dry  saturated 
vapor  at  b.     Fig.  55  {d)  \&  for  ether. 

93.  CUusius  Cycle  with  Dry  Saturated  Water  Vapor,  (a)  This 
cycle  is  often  called  the  Rankine  cycle,  but  as  another  cycle 
which  is  universally  icnown  by  this  latter  name  must  also  be 
considered,  the  name  of  Clausius  will  be  used  in  this  book  to  , 
designate  the  cycle  at  present  under  consideration.  As  shown 
in  the  PV-diagram,  Fig.  56,  it  consists  of  two  constant-pressure 
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rig.  56.  —  PV-Di«gram  for  Clausius  Cycle  with  Dry  Saturated  Water  Vapor  at  c. 

lines  be  and  da  joined  by  an  adiabatic  cd  and  what  is  practically 
a  constant-volume  line  ab.  The  apparatus  of  Fig.  17  used  in 
developing  the  Camot  cycle  can  also  be  used  for  the  ideal 
Clausius  cycle. 

The  volume  plotted  at  b  is  that  of  unit  weight  of  water  just 
ready  to  vaporize,  corresponding  to  o  of  the  Carnot  cycle  shown 
in  Fig.  52.  The  addition  of  the  latent  heat  of  vaporization,  ri, 
causes  the  material  to  expand  at  constant  pressure  until  it 
occupies  the  specific  volume  Vc  at  c.  This  quantity  of  heat,  as 
before,  comes  from  the  hot  body  at  temperature  Ti. 

The  adiabatic  expansion  is  exactly  like  that  of  the  Carnot 
cycle  and  is  produced  in  exactly  the  same  way. 

The  constant-pressure  decrease  of  volume  starts  exactly-  like 
the  similar  line  in  the  other  cycle,  but  condensation  is  carried  to 
completion  by  the  removal  of  heat  equal  to  arjri.     The  volume 
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Va  is  then  the  volume  of  unit  weight  of  water  at  the  temperature 
of  vaporization  corresponding  to  the  lower  pressure  P..  The 
heat  j;iven  up  during  this  condensation  is  received  by  the  cold 
body  at  the  constant  temperature  To. 

The  line  ab  which  takes  the  place  of  the  adiabatic  compression 
of  Carnot  represents  the  heating  of  the  liquid  from  temperature 
To  to  the  higher  value  Tu  while  the  pressure  rises  from  P«  to  P^. 
There  will  be  a  very  small  volume  change  in  the  liquid  during  this 
pr(K:ess,  but  it  is  so  small  in  comparison  ^ith  the  other  volume 
ciian^es  in  the  cycle  that  it  may  be  neglected  and  the  process 
cc^nsidered  as  a  constant- volume  pressure  rise. 

(b)  The  T</>-diagram  correspondingly  lettered  is  sho^'n  in  Fig. 
57.     The  heat  used  to  raise  the  temperature  of  the  water  must 
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( onu*  from  the  hot  bcxly  which  has  the  temixjraturc  Ti,  and  during 
ii>  rcivplion  the  temperature  of  the  water  will  vary  from  T*  to 
7V  Henre  the  evile  does  nut  fulfill  the  criterion  for  maximum 
elTu  irne\'  because  all  //((//  is  not  received  when  the  working  sub- 
.stiintc  is  at  its  hiiiJicst  ttnipcraturc.  It  is  also  e>ident  that  the 
(•\il«-  i-  not  rrverslMe.  because  the  addition  of  heat  to  the 
llf|iiiil  rxeniplifirs  a  j)roef>s  which  is  intrinsically  irrex'ersible. 
Siriv  !l\  iiiurjMvu'd,  the  line  ab  in  Fig.  57  represents  a  reversible 
pi'it--  ciiiii\aleni  lo  the  irreversible  process  a6  of  the  Clausius 
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Work  per  Pound  of  Water  Vapor  Carried  through  Clausius 
Cycle  with  Dry  Saturated  Vapor  at  Beginning  of 

Adiabatic  Expansion. 

(c)  As  before,  AE  =  AQi  —  Aft,  from  which  the  value  of  the 
ivork  done  per  cycle  may  be  determined.  The  heat  AQi  consists 
of  two  parts,  (i)  that  added  to  raise  the  temperature  of  the  water 
from  T2  to  Tu  and  (2)  the  heat  used  in  vaporizing  during  the 
volume  change  from  Vb  to  Fc.  The  quantity  Aft  given  up 
during  the  condensation,  as  already  explained,  can  be  determined 
as  soon  as  the  quality  Xd  is  known. ,  This  is  easily  found  from 
Eq.  (154)  or  from  either  of  the  entropy  diagrams. 

Then, 

AE  =  Aft  -Aft  =  {(26-  3«)  +  ril  -  Ixdfdl  B.t.u.     .     (176) 

=  Xi  —  ft  —  Xdr2 (177) 

From  inspection  of  the  T^-diagram  it  is  evident  that  the  work 
ione  is  given  by  the  following  expression,  the  symbol  Cp  standing 
for  the  mean  specific  heat  of  the  liquid  over  the  temperature 
range : 

AE  =Cp  (Ti  -  7^2)+  Ti  (A<t>c  -  A<t>b) 

-    T2  {A<t>d  -  A(t>a) (178) 

Since  (A<t>c  -  A<t>b)  =  A0»„  A<t>d  =  A0,a„  and  A<t>a  =  A^/,,  Eq.(i78) 
mav  be  written 

-lT2{A<t>^,-A<t>i,)l (179) 

A  more  useful  formula,  which  may  also  be  written  from  in- 
spection of  the  T<Hliagram,  is 

AE  =  ^(Ti-'T2)  +  qi-  q2-T2{A(t>i,-  A(t>i,).    .     (180) 

all  quantities  in  which  may  be  obtained  directly  from  the  Steam 
Tables. 
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Efficiency  of  the  Clausius  Cycle  with  Dry  Saturated  Water 

Vapor  at  the  Point  c. 

(d)  To  find  this  item,  it  is  only  necessary  to  divid/^  the  work 
done,  Eq.  (177),  by  the  heat  supplied;  then 

^^'-^Q.'^y:^^^^^^—  ....    (i8i) 

^^__x^r2_ (jg^) 

Xl  -  ^2 

(e)  This  form  is  not  readily  comparable  with  the  expression 
for  the  Carnot  efficiency,  and  although  the  fact  is  already  known 
that  the  Clausius  efficiency  must  be  lower  than  the  other  because 
of  the  addition  of  heat  below  maximum  temperature,  •  it  is  of 
interest  to  derive  an  expression  which  will  show  this  difference. 
This  can  be  done  by  using  Eq.  (178)  in  obtaining  the  efficiency 
expression,  thus, 

£ .  ^  A E  ^  Cp  (Ti  -  J2)  +  Ti  {^4>c  -  A»6)  -  T2  (Aw-  A»a) 
A(?i                     Cp  ( Ti -  T2)  +  r,  (A^c-  A«6) 
=  1-. T.  (A0.  ^  A0.) 

Cp(ri-r2)  +  ri(A0,-A«5) 

-'-i <■« 

The  Carnot  efficiency  written  in  similar  form  is 

In  Eqs.  (184)  and  (185),  the  magnitude  of  the  last  term  deter- 
mines the  value  of  the  efficiency  in  each  case,  but  inspection  of 
thr  expressions  as  they  stand  does  not  show  which  of  the  last 
terms  is  the  greater.  If  Fig.  57,  which  shows  ^the  two  cycles 
superposed,  is  consulted,  the  interpretation  of  the  last  terms  is 
nuirh  simplified.* 

It  is  evident  from  the  figure  that  the  heat  supplied  during  the 
Clausius  cycle,  equal  to  the  area  under  abc,  is  greater  than  that 

*  \n  the  strict  intcrj)retation  of  Fig.  57,  the  line  ab  is  not  the  irreversible  line 
of  the  C  hiusius  cycle,  hut  represents  a  reversible  process  which  would  give  the 
same  V,  \',  T  conditions  as  the  other,  as  mentioned  -before  in  connectxm  with 

Fig.  57. 
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supplied  during  the  Carnot  cycle  by  the  triangular  area  dbdu 
plus  the  area  below  adi.  The  heat  rejected  is,  however,  greater 
by  the  area  below  adi.  Therefore  in  the  case  of  the  Clausius  cycle 
the  heat  rejected  is  increased  in  greater  proportion  than  the  heat 

Aft 
received,  and  the  fraction--^  for  this  cycle  must  be  greater  than 

for  the  Carnot,  and  hence  the  efficiency  is  less. 

g4.  The  Clausius  Cycle  in  General,     (a)  As  in  the  case  of  the 
Carnot  cycle,  it  is  possible  to  imagine  a  Clausius  cycle  developed 
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Fig.  58. — Clausius  Cycles  —  Various  Possibilities. 

with  the  vapor  of  any  material  in  either  the  saturated  or  super- 
heated condition.  The  general  equations  for  the  Clausius  cycle 
will  be  given  in  the  latter  part  of  this  section.  Some  of  the 
possible  cases  are  shown  in  Fig.  58,  in  which  the  heavy  lines  in 
all  instances  represent  constant  pressures. 

A  word  of  explanation  will  probably  help  to  make  the  con- 
struction of  the  diagrams  in  Fig.  58  clearer.  In  the  Carnot  cycle 
the  upper  and  lower  lines  are  defined  as  isothermals,  while  in  the 
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Clausius  cycle  they  are  lines  of  constant  pressure.  For  saturated 
vai)ors  the  two  are  the  same,  but  for  superheated  vapors  the  two 
ryclfs  present  very  different  phenomena.  The  isobars  give 
'*  horns  **  (at  Ci)  in  the  T<^(liagrams  when  in  the  superheated 
region,  the  hei^lu  of  these  Ixjing  determined  directly  by  the  de- 
grct'  of  su|H'rhiMt. 

(b)  Another  interesting  difference  results  from  the  character- 
istics of  this  constant-pressure  line.  In  the  Clausius  c>'cle  the 
temiHTature  rises  during  suixjrheating,  while  in  the  Camot  it 
remains  constant  and  the  pressure  droF)s.  In  the  case  of  the 
fornuT  cycle,  then,  the  hot  body  must  have  a  temperature  at  least 
eiiual  to  that  reacluxl  at  the  end  of  the  superheating  process  and 
therefore  hi>;her  than  that  of  the  working  substance  during  the 
entire  nHej>tion  of  heat.  For  this  case,  then,  all  the  heat  is 
reivixtxl  irreversiblv. 

i^c"^  It  thus  develops  that  for  all  Clausius  cj'cles  the  heat  re- 
ceiMxi  along  the  line  ah  is  received  irreversibly,  the  hot  body 
ha\iu>:  a  lemjxTature  at  least  as  high  as  Tf,,  and  for  Qausius 
c\  clos  in  which  suixTheaiing  takes  place,  all  the  heat  is  recei\*ed 
irn'\or>iMy,  Uvause  the  hoi  Ix^dy  must  have  a  temperature  at 
Ioa>i  as  hij:h  as  that  aitaineil  by  suj>erheating.  This  c\*cle  when 
vi>inc  >iiivrhcatixl  vajx^r  therefore  departs  still  further  from  the 
ciitcTivMi  i\t  maxinuim  erficiency.  and  must  have  a  theoretical 
otr.v  itMU'x  lower  ihan  ihat  of  the  same  cycle  i»"ith  saturated  vapor 
h.i\  v.^.j:  the  >.uno  iv.aximum  temjx^raiure.  This  condusion  is  the 
nuv.t  i:^.Tciv>:ir.s  Ixvauso.  notwithstanding  the  lower  theoretical 
rr*;K  -.i  '.'.v  \  .  nvil  or.ciiu^  o:x*ra:inj:  'jn  :h:>  cycle  obtain  their  highest 
^.n-v.v.o'.vi/*!  c:ncii:v~>  \\i;h  sujx^rhoaicd  vapor.  The  reason  for 
:  V.  >  \x '. . '.  ':  V  S:\  ^ ; : .^  '*. :  .  ;: :  i  r.  a  :a:  t-r  c ha r:er . 

vi     r,  •.  : ' '. c  V ' ". .". ;;>i  u >  v'>  c*. t-  'ft": :  h  :  he  a  Jiatvaric  expansion  start- 

'  •  •  1.    \\  ■     *  '      ' ""     w  ' '  ■"■     '  '  ■  V  '  *  \    V 


•  ^ 


~  * .  "  ^ 


lid;) 


jLf  r.frt".  CASe  :-:;    ...:..  :>     ;c  tesopieranxre  of  super- 
:  i\.-»ins3>n  must  tii«  be  found. 


c  .-^.    .. 


-c   -  i^*.  —  Ao*]^  .    .    (l88) 
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or.         (a0.  +  xA<h  +  Cp  log.  ^^^^Y^). 


=  (a«z  +  xA«.  +  Cp  log.  ^-^y^y     .      (189) 

If  the  steam  is  initially  superheated  Xe  =  I;  if  wet,  the  entropy 
of  superheat  (A<t>j))e  disappears.  Should  the  value  of  Xd  found 
be  greater  than  i.oo,  it  indicates  that  the  steam  is  still  super- 
heated, then  Dd  should  be  determined,  using  Xd  =  I* 

Having  determined  Xd  (or  Dd)r  the  work  may  be  found  from 

lE^  (q  +  xr+  CpD)c  -  (q  +  xr  +  C,D)d,      .     (190) 
Also,  the  work  may  be  found  from 

A£  =  A<3i  -  AO2, (191) 

in  which  the  values  of  A^i  and  A^2,  the  heat  supplied  and  the 
heat  rejected,  are  equal  respectively  to  the  heat  above  32°  F., 
at  the  beginning  and  end  of  the  isentropic  expansion,  and  may  be 
read  directly  from  the  Q-curves  on  the  T^-chart  (Plate  I,  Ap- 
pendix) or  from  the  Q-scales  on  the  MoUier  or  Ellenwood  Charts 
(Plates  II  and  IV  in  the  Appendix). 
The  efficiency  is 

AE 
£/.  = = .     .     .     (192) 

(<Z  -f  jcr  -f  CpD)c  -q2 

^■=^^ ■  •  <-> 

This  last  form  is  the  most  convenient  when  the  charts  are  used 
for  obtaining  AQi  and  A^.  These  heat  quantities  are  of  course 
measured  above  32®  F. 

95.  The  Rankine  Cycle,  (a)  This  cycle  is  very  similar  to 
that  last  described,  being  obtained  from  it  by  a  simple  modifica- 
tion, the  reason  for  which  will  be  considered  in  a  later  chapter. 
The  Rankine  cycle,  shown  in  Figs.  59  and  60  for  dry  steam  at  the 
beginning  of  expansion  and  superposed  on  the  Clausius  cycle  for 
the  same  conditions,  is  seen  to  diflfer  from  the  latter  only  in  having 
the  adiabatic  expansion  cut  short  by  a  constant-volume  line  de. 

Since  the  adiabatic  line  is  not  continued  to  the  lowest  tempera- 

^  In  solving  for  Dd  it  is  necessary  to  assume  a  trial  value  of  Cp  and  use  the 
''cot  and  tiy  method." 
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lure  in  the  cycle,  the  expansion  is  said  to  be  incomplete.     As  the 
figures  show,  the  area  of  this  cycle  is  less  than  that  of  the  one 
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Eiurupics 
Fip.  ro.  — T<>-Diagram  for  Rankine  Cyde  with  Dr>-  Saturated  Water  Vapor  ate 

ha\ing  coniploio  oxixinsion.  while  the  heat  added  along ab and 4c 
is  iIh*  same  in  both.  It  therefore  follows  that  the  Rantdne  cyde 
mu>t  be  still  less  efficient  than  the  Clausaus.     Despite  this  faict« 


VAPOR  CYCLES  I7S 

it  is  one  of  the  most  commonly  used  vapor  cycles,  being  that 
approximated  by  most  reciprocating  steam  engines. 

(b)  .During  the  constant- volume  pressure  drop,  de,  heat  is 
given  up  irreversibly  by  the  working  material  because  the  cold 
body  receiving  that  heat  must  have  a  temperature  at  least  as  low 
as  Te.  Strictly  interpreted,  the  line  de  on  the  T^diagram  repre- 
sents an  equivalent  reversible  process. 

It  is  evident  that  all  the  heat  given  to  the  cold  body  is  not 
rejected  when  the  working  substance  has  the  same  temperature 
as  that  body,  and  hence  this  cycle  should  have  a  lower  efficiency 
than  a  similar  Clausius  cycle.  This  has  just  been  shown  to  be 
the  case. 

Work  per  Pound  of  Dry  Saturated  Steam  Used  in  Rankine  Cycle. 

(c)  With  vapor  dry  and  saturated  at  the  beginning  of  adia- 
batic  expansion,  the  work  per  pound  is 

AE=AQi-AQ2 (194) 

-  { (xdpd  +  q.d)  -  (^.P.  +  g«)  +  x.r2}  B.t.u.   .     .     (195) 

In  this  expression  the  difference  {xdPd  +  q.d)  —  {xePe  +  2*)  is  the 
difference  of  intrinsic  energy  possessed  by  the  vapor  at  the  points 
d  and  e.  It  is  obvious  that,  to  decrease  the  pressure  at  constant 
volume,  heat  must  be  abstracted,  and  since  no  external  work, 
positive  or  negative,  is  done,  all  heat  removed  must  come  from 
the  stock  of  intrinsic  heat  energy  possessed  by  the  material  at  d. 
To  use  Eq.  (195),  however,  the  two  qualities  jc.  and  Xd  must  be 
determined  first. 

(d)  A  more  useful  expression  may  be  developed  as  follows: 
Reference  to  Fig.  60  shows  that  the  work  of  the  cycle  is  repre- 
sented by  the  sum  of  areas  fbcd  and  afde.  The  former  area  is 
the  same  as  that  of  a  Clausius  cycle  with  temperature  limits  Ti 
and  Tdf  and  its  heat  value  can  be  computed  from  Eq.  (177). 
The  area  afde  corresponds  to  the  similarly  lettered  area  in  the 
P\'-diagram,  Fig.  59,  and  hence  represents  A(Pd  —  Pe)  •  {xu)d 
B.t.u.  of  work.  Hence  the  work  of  the  Rankine  cycle  for  steam 
initially  dry  and  saturated  is 

A£  =  {Xi  -  2/  -  {xr)dl  +A{Pd-  P.)  •  {xu)d,  .     (196) 

and  all  quantities  in  this  expression  are  either  known  at  the 
outset  or  are  obtainable  directly  from  the  Steam  Table,  with  the 
exception  of  Xdt  which  can  be  obtained  from  Eq.  (188)  or  (189). 
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Efficiency  of  Rankine  Cycle  Using  Dry  Saturated  Steam. 

(e;   The  heat  received  in  this  cycle  is  the  same  as  that  in  the 
Clausius  cycle,  that  is, 

AQi  =  Xi  —  22. 
Hence  the  efficiency  is 

AQi  —Aft      AE  from  Eq.  (196) 


£/.  = 


Aft 


Xi  —  32 


(197) 


96.   The  Rankine  Cycle  in  General,     (a)   Starting  with  steam 
initially  wet,  the  work  done  is 

A/t:  =  i {x,ri  +  gi  -  q/)  -  Xdril  +A(Pi-  P2) xju^,  .     (198) 
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V\^.  Oi.  —  Rankine  Cycles  —  Various  Cases. 


in  whirli  all  (luaniiiirs  arc  known  or  are  obtainable  from  the 
Sir.iin  Tal)k\s  except  .vj,  which  must  be  computed  by  using  Eq. 
(  ISN^  or  uS<)). 
(b^    In  the  most  general  case,  having  first  determined  from 


VAPOR  CYCLES  177 

the  equation  last  mentioned  the  quality  Xd  (or  superheat  Dd)  at 
the  end  of  the  adiabatic  expansion,  the  work  done  is 

A£  =  Kg  +^r  +  Cj,D)c  -  2/  -  (xr  +  C,D)dl 

+  A(Pd-P2)Vd, (199) 

where  Vd  =  (xV  —  0.017)^  if  the  steam  is  wet  at  d,  or  Vd  = 
(V.  —  o.oi7)d  if  superheated.     V,  can  be  found  from  Eq.  (134). 

Ef.  = = .       ...     (200) 

(q+xr  +  CpD)c  -  qz 

(c)  As  in  the  other  vapor  cycles,  there  are  a  number  of  diflferent 
possibilities  as  regards  the  working  substance,  but  every  case  can 
be  worked  out  more  or  less  simply  by  means  of  the  expressions 
already  developed.  Various  cases  of  the  Rankine  cycle  are 
shown  in  Fig.  61. 

(d)  The  Rankine  cycle  can  be  solved  readily  by  the  use  of 
Ellenwood's  Charts  (Plates  III  and  IV,  Appendix),  since  these 
have  one  coordinate  representing  volumes.  Thus,  letting  Fig.  59 
represent  the  Rankine  cycle  in  general,  it  is  evident  that  this 
cycle  may  be  considered  as  composed  of  the  Clausius  cycle 
fbcd  and  the  rectangular  area  afde.  Then,  if  AQc  and  AQd  are 
respectively  the  total  heats  at  the  beginning  and  end  of  the 
isentropic  expansion,  as  obtained  from  Plate  IV,*  the 

Net  work  of  area  fbcd  =  ^Qc  —  AQd  B.t.u. 

and,  if  the  constant-pressure  external  work  represented  by  the 
area  below  fd  is  A£d,  per  pound,  and  if  that  below  ae  is  A£e, 
then 

Net  work  of  rectangle  afde  =  A  Ed  —  AEe  B.t.u. 

in  which  the  values  of  A  Ed  and  AE,  can  be  obtained  directly 
from  Plate  III  for  the  volume  Vde  and  tht  pressures  (or  qualities 
or  superheats)  already  given  or  determined  for  d  and  e. 
Then  for  the  Rankine  cycle  (per  lb.  of  working  substance) 

Net  work  =  (AQc  -  AQd)  +  {AE,  -  AEr)  B.t.u. 

Ellenwood's  Charts  offer  an  easy  solution  for  this  cycle  re- 
gardless of  whether  it  is  the  pressure  or  the  volume  at  d  that  is 
initially  known.  Without  these  charts  a  laborious  cut-and-try 
process  must  be  used  if  only  the  volume  is  given. 

*  When  A0d  is  obtained  from  Plate  IV  the  values  of  the  volume  Vje  and  pressure 
at  d  should  be  noted  as  they  will  be  needed  later  in  obtaining  AEd  from  Plate  III. 
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97.  Cycle  with  Rectangular  PV-Diagram.     (a)  This  cycle  is 
the  least  efficient  of  all  the  vapor  cycles  in  practical  use.     It  is 
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Fig.  O2.  —  C>-clc  m-ith  Rectangiilar  PV-Diagram. 

a)iniM)stxl  of  two  constant-pressure  lines  joined  by  two  lines  of 
a>iisiaiu  vohnno,  as  shown  in  the  PV-dij^am,  Fig.  62,  and  in 
tlio  To-dia^jram,  Fig.  63. 
The  diagrams  show  this  cycle  superimix)sed  uix)n  a  Clausius 


Fig-  ^3-  —  T<^-I^i.if;ram  for  Rectangular  PV  CydCt 

c>clc  so  chosen  that  the  same  weight  of  working  substance  is 
u-u<l  in  each.  It  is  evident  that  the  Clausius  cycle  will  require 
a  nuK  h  lari;er  cylinder  than  the  cycle  under  consideration,  but 
the  work  per  c>cle  will  also  he  much  greater  per  pound  of  vapor. 
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The  T0-diagram  shows  that  the  heat  absorbed  is  the  same  with 
both  cycles,  namely,  the  area  beneath  the  line  abc.  The  work 
done  is,  however,  greater  with  the  Clausius  cycle  than  with  the 
rectangular  PV  cycle,  as  is  shown  by  the  inclosed  areas  of  the 
diagrams.  It  follows  that  the  efficiency  of  the  cycle  with  rec- 
tangular PV^-diagram  must  be  less  than  that  of  the  Clausius 
c>xle.  The  Rankine  cycle  for  the  same  heat  input  evidently 
giv-es  an  amount  of  external  work  intermediate  between  that 
obtained  with  the  Clausius  cycle  and  that  obtained  with  the 
cvcle  under  consideration,  and  must  therefore  have  an  inter- 
mediate  efficiency.  The  rectangular  PV-diagram  may  be  looked 
upon  as  a  limiting  case  of  the  Rankine  cycle,  the  Clausius  cycle 
being  the  other  limit. 

Work  per  Pound  of  Dry  Saturated  Steam  Used. 

(b)  From  Fig.  62  it  is  apparent  that 

AE  =  A  (Pi  -  Pi)u (201) 

Efficiency  of  the  Cycle  Using  Dry  Saturated  Steam. 

(c)  The  heat  received  is  the  same  as  that  in  the  Clausius  cycle. 
Hence 

A£  _  A  (Pi  -  P,)u 
^^- -  m- -iM^.)   '  •      ■    ■    ■    ^^°^^ 

98.  The  Rectangular  PV  Cycle  in  General.     In  any  case 

^E  =  A  (Pi  -  P2)  Xcu (203) 

where  x^u  =  (xV  —  o.oi7)c  if  the  steam  is  wet,  or  =  (V,  —  0.017)0 
if  superheated.  V,  can  be  found  from  Eq.  (134).  The  general 
expression  for  the  efficiency  is 

Ef,  =  = ....     (204) 

{q  +  xr  +  CpD)c  -  qi 

For  method  of  using  Ellenwood's  Charts  for  solving  the  Rec- 
tangular PV  cycle  see  the  middle  of  96(d). 


CHAPTER   XIII. 

POWER,  EFFICIENCY,  AND  PERFORMANCE. 

Certain  general  definitions  which  are  necessary  in  the  con- 
sideration of  real  engines  are  collected  in  this  chapter.  They 
will  be  discussed  here  very  briefly;  most  of  them  will  be  con- 
sidered more  fully  in  later  chapters  and  some  belong  more  prop- 
erly to  the  province  of  Experimental  Engineering. 

99.  Power,  (a)  In  English-speaking  countries,  the  foot- 
pound (ft.-lb.)  is  the  unit  of  work  generally  used  by  engineers. 
The  unit  of  power,  or  unit  of  the  **  rate"  of  doing  work,  is  the 
horse  power  (h.p.) ;  it  equals  the  power  equivalent  to  the  doing 
of  33,000  foot-pounds  of  work  per  minute. 

Then  the  horse  power  developed  by  any  apparatus  is 

,        _  Total  ft. 4bs.  of  work  developed  per  min,         .      . 
The  heat  equivalent  of  one  horse  power  is 

w  000 

One  h.p.  =  ^^*        =  42.42  B.t.u.  per  min.  .     .     (206) 

770 

(b)  If  work  is  done  for  one  hour  at  the  rate  of  one  horse  power, 
the  total  work  done  is  called  one  horse-power  hour  (h.p.-hr.). 

Then,     oneh.p.-hr.  =  33,000  X  60  =  1,980,000  ft.-lbs.     .     (207) 

1 ,980,000 


778 


=  2545  B.t.u (208) 


100.  Distinction  between  Real  and  Ideal  Engines.  In  con- 
sidering the  ideal  or  thermodynamic  engine  in  preceding  chap- 
ters, a  working  substance  was  assumed  to  pass  through  cycles 
within  a  closed  cylinder,  and  it  was  found  that  a  certain  amount 
of  work,  -AE,  would  be  delivered  to  the  piston  during  each  cycle. 
The  material  of  the  cylinder  and  piston  was  assumed  to  have 
certain  properties  which  no  available  material  really  has.     The 

cylinder  and  piston  were  assumed  to  neither  absorb  nor  conduct 
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beat.  The  piston  was  supposed  to  be  without  leakage  and 
friction;  and  any  other  necessary  mechanism  of  the  engine  was 
assumed  frictionlcss.  These  conditions  cannot  be  realized  in 
practice.  Therefore,  the  action  of  a  real  engine  must  differ  con- 
siderably from  the  conceived  action  of  an  ideal  engine. 
Losses  in  real  heat  engines  may  be  classified  as  follows: 

( 1 )  Cycle  loss,  —  for  even  with  the  ideal  cycle  only  part  of  the 
Ileal  supplied  can  be  converted  into  work. 

(2)  Cylinder  losses,  or  those  which  occur  within  the  real 
ej'linder  because  the  ideal  cycle  is  not  i>erfcctly  produced.     These 

*  reduce  the  work  actually  delivered  to  the  piston  by  the 
working  substance, 

(.1)  Friction  losses,  occurring  in  the  mechanism  used  in  the 
^ansmission  of  work  between  the  piston  face  and  the  place  of 
utilization. 

The  Indicator.  The  work  actually  performed  on  the 
piston  by  the  working  substance  in  the  cylinder  of  the  real 
engine  and  the  pressure- volume  changes  that  actually  occur 
within  the  cylinder  can  be 
determined  by  using  the  in- 
strument called  the  "  Indica- 
tor," which  can  be  made  to 
draw  the  P\*-dtagram  for  the 
changes  actually  occurring. 
The  comparison  of  such  a  dia- 
1  with  the  ideal  one  aids 
1  determining  the  cylinder 
losses. 

This  instrument  is  shown 
1  Fig.  64.  A  card  is  mounted 
n  the  ouiside  of  a  metallic 
ylindcr  which  is  caused  to 
Kilhtlt;  in  unison  with  the 
lotion  of  the  engine  piston, 
pencil,  which  may  be 
>re»se<t  against  this  card,  is  actuated  by  a  small,  spring-balanced 
'ston  subjected  lo  the  same  pressure  as  the  engine  piston. 
Jius  the  card  movement  is  proportional  to  the  volume  dis- 
l  by  the  engine  piston,  while  the  pencil  movement  is  pro- 
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\jr/rl'/^^  to  tiae  preas-ure  wiiki  aciuaies  the  piston.  The  pCDcal 
:ri'.-.^rnv»::  U  at  ri^t  azig^  to  the  card  movement,  and  hcna 
Si  :T'>rjr»:-v'>!u:ne  dia-zrarc;  miti  rectangular  antiinatcs.  sodi 
ir  :;::->  :r.  Flz.  65.  i*  drawn.  I:  the  card  oiinder  oscShtes 
ir.-i':^  :he  perjcil  whi.e  the  irKiicatcr  icftoo  is  disconnected  from 
:h'r  *rr.i::ne  c>I:nd*r  and  >-b;ected  lo  annosipberic  pressure,  a 
h':«r!z: ntaj  X\r^.  calkd  the  atmoqihefic  Ene,  will  be  drawn. 

102.   The  Indicator  I>ia^;rani.      a.     In  the  pfessuie-volume 

^Jvc^zxTTx  drawn  h\  :he  indicator,  as  in  the  PV-diagiams  pre- 
\:ou-!y  cor.ridered.  the  inc:':*=*d  area  represents  the  work  done 
uTx.r,  :he  engine  piston  b>'  the  working  substance  daring  the 
r-  .]e. 

b     The  Pressore  Scale,  5..  c^-  pressure  per  inch  of  ordinate, 
e<^i-a%  the  pressure  in  pound-  per  square  inch  of  piston  area 

correspKinding    to    one    indi 
±      nio\  ement  of  the  pencil  paral- 
^  r^  ^      lel  to  the  pressure  axis.    This 

is   also   called    the    "Spring 
Scale." 

The  datum  of  absolute  pres- 
sures is  a  horizontal  line,  00 
in  Fig.  65.  drawn  at  a  distance 
lielow  the  atmospheric  line, 
.4  A .  equal  to  the  atmospheric 
I)re--iin-  a-  mea-urcfj  «>n  the  pre^-ure  scale.  Thus  for  any  point, 
th*-  ,tl»-''luu*  in?en>iiy  <*f  pressure  jxt  square  inch  of  piston 
an-.t  =  orflinate  abK>ve  CH)  X  5;.:  similarly,  the  pressure  above 
atniM^j.heric  =  'ordinate  aN.»ve  -LI)  X  Sp.  The  latter  pressure 
i-  u-nally  cillLfl  the  "  j?a«?f  pressure.'' 

c      Vhi'  Volume  Scale,  .s  .  i>  the  <li*ir>larement.  in  cubic  feet 
]Hv  -<iii.tn'  iri<  h  "I  iji-:»»n.  reprcM-nieil  l»y  <ine  inch  of  ;:l>sciss;i. 

Th<-  flat  urn  of  iDtal  volumes  is  a  vertical  line,  YY  in  Fig.  65, 
Kk  atifi  10  the  left  of  Aa  ai  a  flistanre  representing,  to  scale,  the 
"  I  !r.:yfitirr  vnluwr  *"  or  >{»ace  in  the  cylinder  occupied  by  the 
workiii'^  siih-^tance  when  the  i>istf)n  is  at  the  beginning  of  its 
-iroki-.  Thii*^  for  any  ptjint  on  the  dia^Tam,  the  total  X'olume 
'»!  U'-rkin^  '^iihNiance  in  the  c\*lincler  equals  Sp  X  (abscissa 
irnwi  )']'-,  and  thi-  volume  displaced  by  the  piston  is  5«  X  (ab- 
sri<.-a  from  Aa). 


F?j 
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(d)  The  Scale  of  Work,  S^,  corresponding  to  one  square 
ch  of  area  of  the  diagram  =  Sa  =  S^X  St  foot-pounds  per 
|Uare  inch  of  piston  area- 

Thc  work  done  by  the  working  substance  upon  the  total 
Bton  area,  as  represented  by  the  area  of  the  diagram,  is  called 
E  Indicated  Work.     Thus  the  i.w.  =  (area  of  diagram)  X  (area 

IMston)  X  S^. 

The  corresponding  rate  of  doing  indicated  work  is  expressed 

terms  of  horse  power;  it  is  called  the  Indicated  Horse  Power 
li.p,)  and  is  computed  by  using  Eq,  (205). 

(e)  Consider  Fig.  65  as  an  act  ual  diagram  taken  from  an  engine. 
I  the  point  a  the  engine  piston  moved  out  until  the  point 

was  reached.  By  virtue  of  the  property  of  the  PV-diagram, 
e  area  between  the  lines  abc  and  00  represents  the  work  done 
the  piston  by  the  expanding  working  substance.  This 
*rk  may  be  computed  by  multiplying  the  average  pressure 
I  the  face  of  the  piston  of  the  engine  by  the  piston's  move- 
To  find  the  average  pressure  per  square  inck  of  piston, 
(ride  the  square  inches  of  area  between  abc  and  the  pressure 
XUm  00  by  the  length  AA  in  inches  and  multiply  this  average 
^t  by  Sp.  Multiplying  this  mean  intensity  of  pressure  by 
S  area  of  the  piston  in  square  inches  and  by  the  length  of 
okc  of  the  piston  in  feet  gives  the  work  done  during  the  out 
uke  of  the  piston. 

(f)  Similarly,  the  area  under  the  line  cde  represents  the  work 
■  by   the  piston   upon   the  working  substance  during  the 

Mm  stroke,  and  the  mean  ordinate  of  this  area  multiplied 
Sf  givTs  the  average  intensity  of  pressure  against  which  the 
:  piston  moved  during  this  stroke.  This,  multiplied  by 
E  area  of  the  piston  in  square  inches  and  by  the  stroke  of  the 
Hon  in  feet,  gives  the  work  in  foot-pounds  done  by  the  piston 
the  working  substance  during  the  return  stroke. 

(g)  The  useful  work  delivered  to  the  piston  during  one  cycle 
Hals  the  difference  between  the  work  done  upon  it  on  the  out 
oke  and  that  done  by  it  on  the  working  substance  during  the 
um  stroke. 

rhe  amount  of  work  actually  accomplished  would  have  been 
!  eatnti  if  the  difference  between  these  two  average  pressures 
I  acKKl  upon  the  piston  during  one  stroke  only.  The  value 
this  difference  i»,  however,  given  by  di%'iding  the  area  abide  by 
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the  length  of  the  diagram  and  multiplying  by  Sp.  This  is 
known  as  the  mean  effective  pressure  (m.e.p.),  and  is  defined 
as  the  pressure  which,  operating  on  the  face  of  the  piston  durii^[ 
one  stroke,  would  do  the  same  amount  of  work  as  is  actually 
done  per  cycle  by  the  variable  pressure  really  acting. 

(h)  In  terms  of  the  mean  effective  pressure,  which  will  here- 
after be  designated  by  pm*  the  work  done  upon  the  piston  by 
the  working  substance,  per  cycle,  is 

Work  =  pnt'  a  '  L  ft. -lbs.,    ....     (209) 

in  which  a  represents  the  area  of  the  engine  piston  in  square 
inches  and  L  is  the  stroke  in  feet. 

If  there  are  n  cycles  per  minute,  the  work  per  minute  will  be 
n  times  the  work  per  cycle,  and  the  indicated  horse  power  of 

the  engine  will  be 

. ,  PmLan  ,      . 

i.h.p.  =^^ (210) 

33,000  ^ 

(i)  Eq.  (210)  can  be  used  to  determine  thediameter  of  cylinder 
needed  to  develop  any  i.h.p.,  provided  the  m.e.p.,  the  length  of 
stroke,  and  the  number  of  cycles  per  minute  are  known.  Thus 
the  effective  area  of  the  piston  must  be 

a  =  ^^^- (211) 

from  which  the  piston  diameter  follows. 

103.  Methods  of  Determining  the  Area  of  an  Indicator 
Diagram,  (a)  The  area  of  an  indicator  diagram  can  be  deter- 
mined (i)  by  placing  transparent  **  cross-section  paper"  over 
the  diagram  and  counting  the  squares  surrounded;  (2)  by  using 
some  such  form  of  mechanical  integrating  instrument  as  the 
"  planimeterr  (3)  by  applying  the  '*  method  of  ordinates;" 
or  (4)  by  using  some  integration  rule  such  as  the  **  Trapezoidal 
Rule  "*  and  "  Simpson's  One-third  Rule.*' t 

(b)  One  form  of  planimeter  is  shown  in  Fig.  66.  It  consists 
of  two  arms  jointed  together,  one  terminating  in  a  "  fixed  point  " 
which  is  a  stationary  pivot,  while  the  other  carries  a  '*  tracing 
point."     The  third  support  for  the  instrument  is  a  point  of  the 

*  lor  this  rule  sec  Kent's  "  Pocket  Book." 

tS(>e  Church's  ^'  Notes  on  Mechanics  "  or  Kent's  "  Pocket  Book,"  published 
by  John  Wiley  &  Sons. 
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rim  of  A  graduated  wheel  or  "  record  roller,"  If  the  record 
*hetl  is  set  at  zero  and  the  tracing  point  is  moved  clockwise 
Bround  the  outline  of  the  diagram  and  is  re-  _ 

J  toilsoriginalposilion,  theareaof  the 
figure  is  given  by  the  reading  of  the  record  1 
tvheel.  The  theory  and  use  of  planimeters  ( 
%  treated  in  books  on  Experimental  Engi- 
lecring."  The  mean  ordinate  is  found  by 
li\'iding  Uie  area  by  the  length  of  dia- 
■am.  and  the  m.e.p-  is  tlie  pnxluct  of  the   1 

n  onlinaie  and  the  pressure  scale. 
(c)  Inthemethodofordinates,  the  length  f 
r  the  diagram  is  divided  into  a  number  of  \ 
iqual  parts,  with  inter\al  Ax  as  in  Fig.  67, 
ind  ordinates  are  drawn,  as  i,  2,  3,  etc.,  in 
ihe  figure.  Central  intermediate  ordinates  are  then  drawn  and  the 
intercepts  y^.  yi,  jj,  etc.,  are  scaled  and  used 
as  the  mean  heights  of  the  elementary  areas 
"■ji^lyj^r^ti,  ^  between  ordinates.     The  area  of  the  dia- 

'  LJ^^ffilfe^'y     gram  is  approximately  A  ^  Zy  X  Ax,  and 

the  mean  ordinate  is  y™  =  7 


Fig.  67- 


(no.  of  ordinates) 
This  method  is  not  strictly  correct,  for 
le  middle  intercepts  are  not  necessarily  the  mean  heights  of  the 
pmentao'  areas.  These  mean  heights  can  be  found  quite  accu- 
,lcly  by  the  method  shown  in  Fig.  68.  Here  lines 
B  and  CD  (not  necessarily  horizontal)  are  so 
,wn  that  areas  Qi  and  ai  are  equal  and  thatii  =(h. 
■n  the  distance  y  between  the  centers  of  these 
cs  is  tlic  truf  mean  height.  The  equality  l)e- 
een  areas  O]  and  02  and  between  b\  and  h^  can 
csdmated  ver>'  accurately  by  eye, 


Fig.  68. 


104.  Delivered  Power,  (a)  In  Section  too  it 
as  stated  that  i>nly  a  part  of  the  net  work  done 
I  tliepisLon  by  iJie  working  substance  is  delivered  by  the  engine, 
>  there  is  a  friction  loss  in  the  moving  parts.  The  power  which 
tually  is  made  available  by  the  engine  is  variously  called  the 

*  See  CMt^tiltr  aiul  Dicderich's  "  Eiperimentat   Engineering,"  published  by 
hfi  Wlky  ftSoos. 
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delivered  horse  power  (d.h.p.).  the  brake  horse  power  (b.h.pOi 
and  the  effective  horse  power  (e.h.p.). 

The  difference  between  the  indicated  horse  power  and  the 
deli\'ered  horse  power  is  a  measure  of  the  power  lost  in  friction, 
and  is  called  the  friction  horse  power  (f.h.p.).     Then 

f.h.p.  =  i.h.p.  —  d.h.p (212) 

The  indicated  horse  power  can  be  determined  by  means  of  the 
indicator,  and  hence,  if  either  the  friction  horse  power  or  the 
delivered  horse  power  can  be  measured,  all  three  of  the  quanti- 
ties of  Eq.  (212)  become  known. 

(b)  The  direct  measurement  of  the  friction  horse  power  is 
usually  impossible,  but  several  approximate  methods  are  used. 
One  scheme  depends  upon  the  assumption  that  the  power  con- 
sumed in  engine  friction  is  constant  for  all  values  of  delivered 
power.  This  assumption  is  not  accurate,  but  may  be  used  for 
a[)proximation.  Assuming  it  true,  the  indicated  horse  power 
obtained  when  the  engine  is  running  at  speed  with  no  external 
load,  that  is,  when  all  the  indicated  power  is  applied  to  overcome 
friction,  may  be  taken  as  a  measure  of  the  friction  horse  power. 

Sometimes  it  is  possible  to  drive  an  engine  at  its  normal  speed, 
from  some  external  source  of  power,  such  as  an  electric  motor  or 
a  shaft.  When  this  can  be  done,  and  when  the  power  thus  con- 
sumed can  l>e  measured,  it  furnishes  an  approximate  determina- 
tion of  the  friction  horse  power.  However,  it  is  necessary-  to 
make  the  same  assumption  as  in  the  previous  case. 

The  usual  method  is  to  determine  the  delivered  horse  power 
experimentally  and  to  calculate  the  friction  horse  fHDwer  by 
K(l.  (212). 

Tile  (leli\ered  horse  power  may  be  measured  by  the  use  of  a 
I)rony  brake  or  similar  absori)tion  or  transmission  dynamometer; 
hence  the  term  "  brake  horse  power."  For  large  engines  ab- 
sorption dynamometers  Ixicome  elaborate  and  expensive  and  are 
seldom  used  except  in  s[X.*cial  cases. 

105.  Efl5ciencies.  (a)  Efficiency  is  the  ratio  of  result  to 
elTort.  For  the  heat  engine  there  are  several  such  ratios,  which 
depend  upon  the  meanings  given  to  the  terms  **  result  **  and 
''efYort."  They  are  useful  in  comparing  {Performances  of  dif- 
ferent engines,  in  locating  losses,  and  in  showing  opportunities  for 
improvement.     Unfortunately,  there  is  lack  of  uniformity  in  the 
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names  applied  to  the  various  efficiencies,  and  in  some  cases  the 
same  term  has  been  used  for  entirely  different  ratios.  In  the  fol- 
lowing discussion  the  names  which  are  apparently  the  most  suit- 
able have  been  adopted. 

Fig.  69  is  a  diagram  showing  the  energy  stream.  Here,  as  in 
Fig.  3.  the  width  of  stream  shows  the  amount  of  energy  still 
available  for  doing  external  work.  As  the  stream  progresses 
losses  occur,  as  shown  by  the  offshoots,  and  less  energy  remains 
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Fig.  69. 


available  for  doing  external  work.  The  several  efficiencies, 
which  will  now  be  considered,  may  be  studied  in  connection  with 
this  figure,  and  the  relation  between  the  various  ones  will  be 
made  clearer  by  referring  to  the  figure  as  the  discussion  pro- 
gresses. 

(b)  Camot  Efficiency.  It  has  been  shown  that  the  efficiency 
of  the  Camot  cycle,  and  of  all  other  reversible  cycles,  is  the 
theoretical  maximum  with  any  given  temperature  limits.  It  is 
an  ideal  efficiency,  but  is  impossible  of  attainment  in  any  real 
case.     Its  value  regardless  of  the  kind  of  working  substance  is 


Efc  = 


T, 


(213) 


In  Fig.  69,  XZ  represents  the  heat  supplied   and  XY  that 

which  w^ould  be  delivered  as  external  work  if  the  Carnot  cycle 

XY 
were  followed;  hence  the  Carnot  Efficiency  is  Efc  =  ^^  • 


I  a  HE^iT'P^MEJt  ESGlSEERISi, 

c  Cycle  Effidencj.  In  all  neal  engines  the  working  sub- 
rrar.-.e  :r.  ::s  a:t::-  appr^jxinLates  one  oc  the  theoretical  c\'des 
i.'r-  i  ;y  ^Vveiirx-i  Ea^h  ■::  :hr<«:  c>des  was  shown  to  have  in- 
r.vrv'.-.  "r.rrrrr.'i^.r.a—:  ! .-??  ar.c  a  theoretical  eiScieno"  less  than 
•-;r.:'>       Th:^  e:r.-::er.-.   u-il'  hereafter  be  called  the  Cycle  Effi- 

•::•  r  -. .  CE'.     I:  :=>  rho-ar.  in  Fii:.  6q  bv  the  ratio ^-r:-* 

-  •  .4c 

F  r  exarr.riv.  ::  a  -:ea:r.  engine  is  assumed  to  follow  the  ideal 
^''lij-i-s  -r^.'ile.  the  Cycle  ESciency*  is  gi\"en  by  Eq.  '  192),  and 
'?.•■  •:•  rk.  -l£..  :<:r  pi-ur^i  «•:  material  by  Eqs.  1S8)  to  (191). 
I  r.  F :  ^-   ^/ J .  .-1  B  re prtrfcrn t s  .1  £: . 

N  r^-ai  t-n^ir.e  actually  attains  the  etticienc\"  of  its  theoretical 
I-.  !-  ':*_->:au?<-  uf  unpr^rvt-n tabic  Ijsses.  but  the  Cycle  Efficienc>* 
rt  pri-^jnts  the  lx>r  result  attainable  ^nth  the  c>de  in  an  engine 
h.i'.  ire  n*.'  L-.\rra-therni« -dynamic  losses. 

d  Relative  Efficiency.  It  would  seem  that  the  engineer 
-h'l:;.]  \^  able  to  design  and  construct  engines  to  operate  with 
tr.t.  (  arnoi  and  other  reversible  cycles,  and  thus  approximate  the 
idf.il  erncienc\-.  However,  practical  reasons  generally  compel 
the  i:-<*  uf  engines  approximating  theoretical  c>cles  that  are 
thtrm* •dynamically  less  elticient.  This  reduces  the  possible 
oniiMtiu \  e\ en  btrf'jre  the  practical  losses  are  considered. 

A  measure  <«f  this  retluction  is  obtained  by  dividing  the  Cycle 
Frhriency  of  the  engine  considered  In*  the  Carnot  Efficienc>*. 
The  'jiiotient  will  Ixr  callt-d  the  Relative  Efficienc>-,  REf^  and  is 

CEf 

K<  !r  rrin^  to  Fi*;.  '>•).  it  i-^  evident  that 

^  -  ^K.i'C'  ■  \.\/J  ~  XV 

_  \Vi>rk  rloiu-  liy  cyrle  under  consideration 
\\'')rk  iliiiH-  l)v  Carnot  cvde 

e     Indicated  or  Cylinder  Efficiency.     In  actual  engines,  as 

>!;it«.l.  I  he  W'Tk  (I'jiir  up<»ii  the  j>i«^tnn  !)y  the  working  substance 
i-  "1   (..m-r  al\\.i>>  le->  than  ihe  theoretical  quantity;  that  is, 

■  \   •■   ;;  .1  .;ri\  rr::-!.i  ..;». Til inu'  "M  a  l.wii*  which  is  theoretically  r<Tfr5/Wf  will 
I  ;.■  '<   !  ::'. :.  !.■  >  «  .-..i!  :••  ',\\i-  Carni't  I'jiicicncy  las  in  (b)).     In  other  cases 
!,!■   .!-..■.:;  I.y  V, liii  h  lilt.  I  ]■.-'  :'ail>  short  01"  J\\  indicates  the  theoretical  disad\'aih 
l;;ji   '.I  :iir  irrc^■L•r^ilJk•  t  wlc. 
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It  is  less  than  the  product  of  the  Cycle  Efficiency  by  the  heat 
supplied. 

The  ratio  of  work  actually  done  to;work  theoretically  possible 
measures  the  perfection  of  design,  construction,  and  operation  of 
the  cylinder,  piston,  and  valves. 

This  ratio,  which  will  be  called  either  the  Indicated  or  the 
Cylinder  Efficiency,*  lEf,  can  be  expressed  in  several  ways  as 
follows : 

^  jj.-  _  Area  of  actual  indicator  diagram  ,        . 

Area  of  theoretical  PV-diagram 

__  Indicated  work  per  pound  of  working  substance  .       ,  . 
778  AE  (for  corresponding  theoretical  cycle) 

_  Heat  utilized  per  pound  of  working  substance       ,        ^ 
AE  (for  corresponding  theoretical  cycle) 

-  (2i5d) 


Theoretical  horse  power 

In  the  energy  stream  shown  in  Fig.  69,  DE  represents  the  indi- 
cated work  and  AB  the  theoretical  work.  Evidently  the  Cylin- 
der Efficiency  is 

DE^DE 

^^•^      AB      DF 

For  example,  if,  in  the  case  of  the  steam  engine  previously 

cited,  the  work  per  pound  of  steam  shown  by  the  actual  indicator 

diagram  is  AE\  and  if  AE\  is  the  work  with  the  Clausius  cycle, 

AE' 
then  the  lEf  =  -r^ ,  and  DE  in  Fig.  69  represents  AE' . 

AiLi 

(f)  Mechanical  Efficiency.  The  ratio  of  work  delivered  by 
the  engine  to  work  received  by  the  piston  (equal  to  the  ratio  of 
delivered  power  to  indicated  power)  is  called  the  Mechanical 
Efficiency,  MEf.     Thus 

MEf  =  i^^- (216) 

•^        i.h.p.  ^       ^ 

This  fraction  gives  the  proportion  of  the  power  received  by  the 
piston  which  actually  becomes  available  as  mechanical  power  for 
the  consumer.  The  loss  is  a  mechanical  one  due  to  friction  of  the 
mechanism. 

•  This  is  also  often  called  the  "  Potential  Efficiency  on  the  i.h.p.",  and  the  "  then- 
mfll  efficiency  ratio/' 
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In  Fig.  69,  JK  represents  the  energy  delivered  by  the  engine, 
and  DE,  or  JLf  shows  the  indicated  work  done  on  the  piston; 

hence  the  mechanical  efficiency  is  -jjr  • 

(g)  Thermal  Efficiency  on  the  I.h.p.  The  ratio  of  indicated 
work  done  (GIT  in  Fig.  69)  to  heat  supplied  in  the  working  sub- 
stance (XZ  or  GI)  is  useful  in  showing  the  combined  efficiency 
of  the  cycle  and  the  cylinder  with  appurtenances.  It  will  be 
called  the  Thermal  Efficiency  on  the  i.h.p.,  abbreviated  TIEf, 
and  is 

^rr^r       Indicated  work  in  B.t.u.  ,      ^ 

TIEf  =  ^-i TT— i p— J— .      .     •     (217) 

Heat  supplied  to  cylinder 

Obviously,  this  efficiency  equals  the  product  of  the  Cycle  Effi- 
ciency by  the  Indicatt^l  Efficiency,  that  is, 

TIEf  =  CEf  X  lEf, (218) 

GH 

The  TIEf  is  shown  in  Fig.  69  by  the  ratio  ^^rf  • 

ill 

(h)   Thermal  Efficiency  on  the  Brake  or  Delivered  Power. 

The  ratio  of  deliverc*d  work  {PQ  in  Fig.  69)  to  the  heat  supplied 
the  engine  will  be  called  the  Thermal  Efficiency  on  the  Brake  or 
Delivered  Power,  TDEf,     Thus 

^T^r-r      Work  delivered  in  B.t.u.  ,       . 

TDEf  =  -rj-- ,.—, TT—. —  •      .     .     (219) 

Heat  supplied  cylinder 

Also,  it  is  evident  that 

TDEf  =  TIEf  X  MEf.      ....     (220) 

PO 

TIk'  TDEf  is  shown  in  Pig.  6()  by  the  ratio  -5^- 

(i)   The  Overall  Efficiency  of  the  Engine.    The  true  efficiency' 

of  the  t'nij:ine  as  a  whole,  (:()m[)ared  with  the  ideal  or  thermody- 
namic engine  with  the  sime  cycle,  will  l)e  called  the  Overall 
ICthc  ienry,  OEf.  This  takes  account  of  both  the  cylinder  and  the 
mechanical  losses.*     Hciicx? 

OEf  =  IEfxMEf. (221) 

The  OEf  is  shown  in  Fig.  69  by  the  ratio  ^^j^,  or  -^7-^  • 

A  siikK'  of  Fii;.  69  shows  that  all  of  these  efficiencies  follow 
om-  another  in  logical  order,  and  that  each  has  a  definite  bearii^ 
upon  the  analysis  of  the  performance  of  real  engines. 

*  This  is  also  called  the  "  PotenUal  Effidencj  on  tbe  dJi.p." 
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io6.  Engine  Performance,  (a)  The  relative  performance  of 
two  heat  engines  can  be  determined  by  comparison  of  the  amounts 
of  heat  used  to  produce  a  given  amount  of  work.  The  .unit  of 
work  usually  adopted  for  comparison  is  either  the  indicated 
horse-power  hour  or  the  delivered  horse-power  hour.  Thus  the 
Rate  of  Heat  Consumption  may  be  defined  as  B.t.u.  required  per 

horse-power  hour,  that  is,  ;,'','     or  the    i  »        J    » ^s  the  case 

i.n.p.-nr.  d.n.p.-nr. 

may  be. 

(b)  If  the  amount  of  working  substance  used  per  hour  is 
weighed  and  if  the  h.p.  is  determined,  then  the  weight  of  mate- 
rial per  h.p.-hr.  can  be  computed.  Evidently,  if  Wi,  or  Wd,  is 
the  weight  of  working  substance  per  h.p.-hr.,  and  if  AQ  is  the 
heat  per  pound  of  material,  then 

B.t.u.      ^p^.xA(2 (222) 


i.h.p.-hr. 
B.t.u. 


^WaX^Q (223) 


d. h.p.-hr. 

Since  the  equivalent  of  one  h.p.-hr.  is  2545  B.t.u.,  and  "since  the 
Thermal  Efficiency  is  the  ratio  of  the  work  actually  done  to  the 
heat  supplied,  it  is  evident  that 

B^"-    = ?545 .224) 

h.p.-hr.       TIEf,  or  TDEf,  as  the  case  may  be 

If  several  engines  use  working  substances  of  the  same  kind 
witli  the  same  heat  content  per  pound,  the  relative  performances 
can  be  found  by  comparing  the  Rates  of  Consumption  of  Work- 
ing Substance  (i.e.,  pounds  per  i.h.p.-hr.  or  per  d. h.p.-hr.).  These 
\alues  are  known  as  Engine  Economies. 

Further,  if  unit  weights  of  these  working  substances  receive 
their  store  of  heat  from  equal  weights  of  fuel,  the  Rates  of  Fuel 
Consumption  (pounds  per  i.h.p.-hr.  or  d. h.p.-hr.)  may  bo  used  for 
comparison. 

(c)  Graphical  representations  of  engine  performances  are  often 
very  useful.  They  may  be  based  upon  the  scheme  shown  in 
Fig.  70,  which  applies  to  an  impossible  machine  supposed  to  con- 
vert into  mechanical  energ>'  all  of  the  heat  supplied  it;  —  thus 
it  is  the  case  with  efficiency  of  100  per  cent. 

Since  2545  B.t.u.  are  equivalent  to  one  h.p.-hr.,  and  since  in 
this  case  the  efficiency  is  the  same  at  all  rates  of  power  develop- 
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Fig.  70. 


ment,  that  is,  at  all  *'  loads,"  the  curve  showing  the  Rate  of  Heat 
Consumption,  or  R-curve,  is  a  horizontal  line  with  ordinate  2545 

B.t.u.,  as  shown  in  the  figure. 
The  scale  for  this  line  is  at  the 
right. 

The  Total  Heat  Consumption 
per  hour  at  any  load  is  the  pro- 
duct of  the  horse  power  and  the 
corresponding  rate.  Thus  the 
cur\-e  showing  the  Total  Con- 
sumption, or  the  TC-curve,  re- 
sults from  plotting  the  products 
of  corresponding  abscissas  and 
ordinates  of  the  R-curve.  Since 
the  latter  is  a  horizontal  line  in  this  case,  the  corresponding 
TC-curve  must  be  a  straight  line  passing  through  the  origin  and 
with  slope  corresponding  to  the  rate.  The  scale  for  this  curve  is 
given  at  the  left  of  the  figure. 

(d)  WTien  the  B.t.u.  per  pound  of  working  substance  remains 
constant,  it  is  sometimes  convenient  to  construct  curves  similar 
to  those  in  Fig.  70  but  for  the  consumption  of  the  working  sub- 
stance instead  of  B.t.u.  Thus  the  R-curve  would  represent  the 
Rate  of  Consumption  of  Working  Substance  (as  pounds  of  steam 
per  h.p.-hr.,  or  cubic  feet  of  gas  per  d.h.p.-hr.,  etc.),  and  the 
TC-curve  would  represent  the  total  consumption  of  working  sub- 
stance (as  total  weight  of  steam  or  cubic  feet  of  gas  per  hour). 

Sometimes  similar  curves  are  drawn  to  represent  the  rate  and 
total  consumption  of  fuel  used  (as  pounds  of  coal  per  h.p.-hr., 
and  total  weight  per  hour). 

(e)  According  to  a&umption  the  efficiency  of  this  impossible 
device  is  constant,  and  if  the  efficiency  line  were  drawn  it  would 
be  horizontal  at  a  height  corresponding  to  100  per  cent.  Even 
in  the  best  theoretical  cycles,  that  is,  the  Carnot,  and  the  other 
reversible  ones,  the  work  performed  is  very  much  less  than  the 
mechanical  ecjuivalent  of  the  heat  supplied,  and  the  efficiency  is 
always  much  less  than  unity. 

(f)  In  the  real  engine  the  efficiency,  and  hence  the  rate, 
instead  of  being  constant,  varies  characteristically  with  the  load; 
thus,  instead  of  being  straight,  as  in  Fig.  70,  the  lines  representing 
the  etViciency  and  rate  may  be  curved,  as  is  shown  for  one  real 
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Jengiin;  in  Fig.  71.     Further,  the  TC-curve  will  not  pass  through 
l-thc  origin  of  coordinates,  but  will  have  a  positive  intercept  on  I 
[  the  V-axis,  as  shown  in  Fig.  7 1 .     This  is  because  there  is  a  heat  ] 
[  loss  when  the  external  load  equals 
for.  fven  when  an  engine  is 
I  running  without  delivering  jxiwer, 
1  there  is  heat  lost  in  radiation  and 
I  conduction  and  in  overcoming  fric- 
[  tion,  and  if  ihe  engine  is  motionless   \ 
I  at  the  operating  temperature,  there 
■is  still  the  loss  due  to  radiation  and 
I  conduction. 

(g)   The  ordinate  scales  in  Fig. 
I71.  as  in  the  case  of  Fig.  70,  may  norsepo-w 

■be  made  to  read  in   tijerma!  units.  *  ''' 

rpounds  of  working  substance  or  pounds  of  fuel. 

The  ratios  of  the  number  2545  to  the  different  ordinates  of 
llhc  heat-rate  curve  evidently  give  values  of  the  Thermal  Effi- 
I  ciencies  at  different  loads,  as  shown  by  the  curve  Ef  in  Fig.  71, 
I  This  curve  will  gt\-c  either  the  TIE/  ur  the  TDEf,  according  to 
f  the  basb  Used  in  determining  the  R-curve.  Also,  the  Thermal 
Efficiencies  are  given  by  the  ratios  of  ordinates  in  Fig.  70  to 
th«T  corresponding  ones  in  Fig.  71. 

Similar  comparisons  between  the  curves  for  any  theoretical 
I  cycle  with  those  for  the  Carnot  cycle  will  give  the  Relative 
I  Efficiencies  for  the  former. 

(h)  In  Fig.  71  a  dotted  line  is  drawn  from  the  origin  tangent 
Itu  the  TC-cur\'e.  The  point  of  tangency,  Z,  determines  the 
labedssa.  or  horse-power  output,  at  which  the  efficiency  is  maxi- 
Inium  and  the  rate  minimum.  Evidently,  the  best  economy  is 
■obtained  when  the  engine  develops  this  power,  and.  other  things 
■.Imng  equal,  an  engine  should  be  of  such  size  as  to  operate  most 
BOf  the  lime  at  or  near  ihis  loud.     If  the  engine  normally  fur- 

ihes  more  or  less  than  this  power,  it  is  either  too  lat^e  or  too 

ill  from  tkt  stamipoint  of  economy  only.     It  will  appear  later, 

a',  that  many  other  considerations  enter  into  the  choice 

|of  size  of  engine  best  suited  for  a  given  set  of  conditions. 


CHAPTER   XIV. 

THE  THEORETICAL  STEAM  ENGINE. 

107.  General,  (a)  In  the  actual  steam  engine  only  a  por- 
tion of  the  heat  supplied  in  generating  the  steam  is  converted 
into  useful  work.  This  portion  at  maximum  is  only  about  25 
{>er  cent  and  ordinarily  is  from  5  to  12  per  cent.  All  the  rest 
of  the  heat,  from  75  to  95  per  cent,  is  lost,  and  represents  a  pro- 
I)ortionate  waste  of  fuel  and  of  money  spent  for  it.  It  is  ver>* 
important  for  one  who  is  to  be  connected  with  steam  engineering 
to  understand  why  this  great  loss  occurs  and  how  it  can  be 
miniinizcHl. 

(b)  The  greater  part  of  the  heat  loss  would  occur  even  in 
the  theoretically  {x^rftHrt  engine,  —  because  of  imperfections 
inherent  in  the  ideal  cycle;  and  the  exact  extent  of  the  loss  in 
this  ease  can  be  readily  computed.  The  further  losses  that 
occur  in  the  actual  engine  are  due  to  physical  imperfections; 
and  their  amounts  can  Ix*  determined  experimentally,  while 
their  causes  and  proportionate  distribution  can  be  studied  by 
conij)aring  the  actual  cycle  with  the  ideal.  Many  of  the  losses 
can  l)e  determined  by  comparing  the  actual  cycle  with  the  ideal 
ones.  -     the  C\irnot,  Clausius,  and  Rankine. 

108.  The  Camot  Cycle  and  the  Steam  Engine,     (a)   As  the 

C'arnot    e\('le  (S<.^ction  gi )  gi\es  the  greatest  i)ossible  efficiency, 
it  woiiKl  >eeni  to  he  the  most  desirable  cycle  to  use  in  any  type 

of  eiivii'^^'- 

Heretofore,  in  discussing  this  cycle,  it  was  assumed  that  all 
o|»riaii«)iw  were  jKTfornied  within  a  single  nonconducting  cyl- 
iii«lrr.  10  tlie  end  of  which  could  Ix^  attached  the  hot  body,  or 
tlu-  n'M  1k)c1>,  or  the  nonconducting  head,  as  required  during 
tlu'  lAcle.  While  suih  an  arrangement  is  concei\'able, it  cannot 
be  realized  materially,  and  to  obtain  an  apparatus  of  practical 
value  it  is  necessar>-  that  some  i)arts  of  the  cycle  shall  be  per- 
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formed  outside  of  the  cylinder.     In  this  latter  case,  however, 
the  result  will  be  the  same,  provided  the  cycle  is  carried  through  | 
in  the  same  manner  as  before.     Thus  the  cycle  may  be  per-  J 
formed  in  the  following  apparatus: 

(b)    Let  the  cylinder,  the  cylinder  end,  and  the  piston  be  per- 
fectly nonconducting,  and  let  the  cylinder  end  be  permanently  1 
attached.     Then,  instead  of  a  hot  body,  let  there  be  a  pipe  with 
a  valve  ("  Steam  Valve  ")  connecting  the  cylinder  to  a  Ijoiler  j 
which  will  supply  steam  (heat)  at  the  constant  temperature  Fi,  I 
corresponding  to  pressure  pi;  and  in  place  of  the  cold  Ixxly  let  I 
ihrre  l)e  another  pipe  with  a  valve  ("Exhaust  Valve")  con- 
necting the  cylinder  to  the  condenser,  in  which  the  temperature  1 
is  maintained  constantly  at   7i,  corresponding  to  the  exhaust 
pressure  pi.     Such  an  arrangement,  with  the  addition  of  a  feed 
pump  lo  return  the  condensate  from  the  condenser  to  the  boifer, 
completes  Ihe  apparatus,  which  contains  the  simple  elements  of 
a  steam  power  plant. 

(e)    In  performing  the  Carnot  cycle,  note  that  (see  Section  53): 

(1)  AH  heat  from  the  external  source  must  be  received  at  the 
constant  temjjerature  T\  of  the  source. 

(2)  All  heat  discharged  to  the  cold  body  must  be  rejected  at 
the  constant  temperature  Ti  of  the  cold  body.     Hence: 

(3)  Before  heat  is  received  at  the  upper  temperature  7"i,  the 
.working  substance  must  be  brought  to  that  temperature  with- 
out rec*T\'ing  heat  energy  from  the  outside;  so  , 
it  must  be  done  hy  adiabatic  compression  from 

Ti  to  Tu  and 

(4)  Before  heat  is  rejected,  the  temperature 
miisi  be  lowered  from  Ti  10  Tj  wilhout  losing 
heat  as  such  to  the  outside:  so  this  must  be 
aixumpliiihed  by  adiabatic  expansion. 

Referring  lo  Fig.  72  (a)  for  the  PV-diagram 
anil  lo  Fig.  72  (6)  for  the  T*-diagram  (the 
two  figures  b«ng  k-tu-red  alike),  the  cycle 
would  be  performed  in  the  following  manner:  '^'s  "'• 

(d)  iBOtbennal  Expansion  (line  ab).  Since  in  the  Carnot 
cycle  the  working  substance  must  receive  all  its  heat  from  the 
Oiilxide  source  at  Ihe  upper  lemperature  Ti,  the  cycle  must  begin 
wilh  water  (say  one  pound)  which  has  already  been  raised  to 
this  icmperatufe.     In  the  first  i)|)eralion,  —  starting  with  the   , 


\{b) 


.:■     "■~:r-:     --.rke 
.::  >-r    r"      -  ir:    :  r- 

>■  ..: '   i-    7-    -r-    "he 

-_-         -.  _■-  _!_*J 


»-     • 


-  -   .  ■     -  *  .         ■•   ---  -^t    ;  -    :" :  ~.v  uvirk- 

■■    .        ■  ■      ■  ■  -    ;•  ■":.":  "..     B-.::  simx^ 

•    "   -  ■: .    -:        ~  i^T**  i~  :he  c.'niifn?iT 

.        -  ■  :--         .'   riTi-  '~\'  '.rixr  cycle  can- 

-  •    —    ."■--.!■.    "a-^Thir.   ihe  cylinder 

-      -     -      •.:   .v^?:.  ro  complete  the 

.     .        -     - -^:    \.i>'r-and-waier     pump. 

-  -    1     ■-:.  '.v:!l  receive  all  the  water  of 

:- • -'-r    ir.'l  the  vapor  remaining  in 

L-  :  '  y  rompression  a">mplete  the 

'.■   .-     :■:.']    rrini:  the  whole  charge  back 

I-.  '■     ■-I'l;'./:.   f..   .1  [;ro«t-^-  that  is  strictly  adiabatic. 

I'.iii      I'll-    'III    «    • '.ii«  •  i   -ililr  ii  would  be  very  difficult  to  carry 

mil      I  ill'. 11 1  Miii'i'liir  III;-,  pi.irtir.il  cx'ils  which  would  more  than 
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counterbalance  the  thermodynamic  advantage.  In  practice  ] 
this  last  operation  would  be  omitted,  and,  instead,  the  steam  ' 
woult)  either  be  expelled  from  the  cylinder  and  condensed  i 
a  "  condenser  "  or  else  exhausted  into  the  atmosphere.  The 
water  of  condensation,  or  an  equivalent  amount  of  "  make-up 
water,"  is  then  pumped  to  the  boiler,  where  the  heat  is  added 
to  bring  the  temperature  gradually  back  to  the  initial  value, 
which  b  not  in  accordance  with  the  requirements  of  the  Carnot 
cycle. 

(h)  It  is  true  that  in  the  actual  steam  engine  compression  J 
U  employed,  but  this  must  not  be  confused  with  the  adiabaticl 
compression  of  the  Carnot  cycle.  But  little  of  the  steam  ifl  j 
involved  in  this  operation,  and  it  is  used  principally  for  the  ] 
purpose  of  "  cushioning  "  the  reciprocating  parts  in  order  to 
make  the  engine  operate  quietly.  It  has  little  effect  on  the  ' 
thermodynamic  operation  of  the  engine. 

(i)  Although  the  Carnot  cycle  is  not  ordinarily  followed'by  I 
the  steam  engine,  it  is  often  very  useful  to  determine  the  efficiency  , 
and  the  work  that  would  be  done  with  this  cycle,  within  the 
temperature  range  of  the  steam  engine,  in  order  to  find  the 
ma-ximum  output  that  could  be  theoretically  attained  by  any 
cngintr.  using  any  kind  of  working  substance  with  the  same 
temperature  limits. 

Previous  discussion  of  this  cycle  (Section  92)  showed  that  for 
saturated  steam  the  Carnot  Cycle  Efficiency,  £/=,  is  given  by 
E<l.  (170).  that  the  heat  available,  A(?i,  can  be  computed  by 
Eqs.  (172)  to  (174).  and  that  the  work  done  is  AE  =  itQi  X  £/, 
from  Eq.  (171). 

Since  superheat  is  supplied   in   practice  with  gradually   in- 
creasing  temperature,   the  Carnot  cycle  is  not  a  satisfactory  ] 
etandonl  for  comparison  for  engines  using  superheated  steam, 
And  bcncc  this  case  will  not  be  considered. 

(i>  As  one  h.p.-hr.  is  equivalent  to  the  expenditure  of  2545 
B.i-u.,  and  as  each  pound  of  steam  makes  available  AjE  B.t.u. 
for  doing  external  work,  tJic  Rate  (.W)  of  Steam  Consumption  ] 
per  b.p.-hr.,  with  the  Carnot  cycle,  is  evidently 
254.S 

At:  '    ' 

254.S 


~A0,  X  £/,■■ 


(225a)   I 
(225b) 
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(k)  In  practice  some  steam  engines  "  exhaust  **  to  the  atmoa- 
jriiere,  with  the  temperature  of  heat  rejection  theoretically 
equal  to  212®  F.,  corresponding  to  an  absolute  pressure  ot  14.7 
pounds  p>er  square  inch;  while  other  engines  exhaust  to  a  con- 
denser maintaining  a  vacuum  of  about  26'  of  mercuryt  the 

absolute  pressure  being  a 
little  less  than  2  pounds  per 
square  inch  and  temperature 
about  125^  F.  The  steam 
turbine,  which  is  one  form  of 
steam  engine,  is  often  oper- 
ated with  a  vacuum  of  about 
28*^  of  mercury  or  a  little  leas 
than  one  pound  "  back  pres* 
sure/*  the  temperature  being 
about  100®  F. 

(1)  Fig/ 73  shows  curves 
of  efficiency,  B.t.u.  ctf  work 
per  pound  of  steam,  and 
water  rate,  for  the  ideal  en- 
gine operating  on  the  Camot 
cycle  with  steam  initially  dry 
saturated  and  with  the  three 
exhaust  pressures  mentioned 
above.  A  scale  for  satu- 
ration temperature  corre- 
sponding to  the  different 
initial  pressures  is  also 
given. 

(m)  These  curves  show 
clearly  that  better  results 
are  obtained  by  increasing 
the  initial  temperature  (or 
pressure)  and  by  lowering 
the  temperature  (or  pressure) 
of  exhaust.  A  given  temperature  difference  low  on  the  tempen- 
turc  scale  gives  better  efficiency  than  the  same  temperature 
difference  at  a  higher  range,  as  the  denominator  Ti  in  Eq.  (170) 
is  lower.  It  is  therefore  theoretically  advantageous  to  have  Tt 
"\  low  as  possible  in  any  case. 


Initial  IVe— re(Ab».)  Diy  SatttrmUd  Btaua 
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100-  Tlie  Regenerative  Steam-Engine  Cycle,  (a)  The  T*- 
liljagrain,  Fig.  74.  shows  that  if  be,  is  drawn  parallel  to  the 
Iwater  line  nrf,,  the  area  abcidt  will  equal  the  area  abed  of  the 
I'Camot  cj'cle.  Thus,  if 
l-eteam  is  carried  through 
Itlic  rjxlc  ahcid,,  and  if  heat 

is  received  only  along  the 

line  ab,  as   in   the  Carnot 
I   cycXe.  the  two  cycles  must 

haw  equal  efficiencies. 

(b)  The  cycle  abcrl,, 
ftcallt^  the  Regenerati\'e 
ICyclc.  can  be  obtained  un- 
w^rr  ideal  conditions  in  the 
BloIIowing  manner:  While  the  steam  is  expanding  an  infinitesimal 

amount  from  A,  with  drop  in  tempjerature  from  7"]  lo  ( 7"i  —  A  7"), 
Llct  a  sufficient  quantity  of  the  steam,  or  heat  from  the  steam,  be 
[  abstracted  from  the  cylinder  to  cause  the  expansion  to  be  along 
Wi:  and  let  this  heat  be  used  to  raise  the  feed  water  from  (Ti  —  AT) 
to  Ti,  changing  the  water  from  condition  a,  to  a.     The  heal  ab- 
stracted from  the  cylinder  during  this  process  is  shown  by  the 
1  below  bib;  and  that  given  to  the  water,  by  the  equal  area 
Ibelow   Oia.    Similarly,   while  steam   expands   through    another 
iincrement.  61  10  bn,  let  sufficient  heat  be  abstracted  from  the 
Icylindci'  to  raise  the  water  from  condition  03  to  Oi.     Continue 
rthi«'  process  for  each   increment   of  expansion   until   the  final 
I  temperature   Tj  is  reached.     In  this  way  the  expansion  be,  is 
I  made  parallel  to  adi.     Obviously,  in  each  instance  when  heat 
1  supplied  to  or  abstracted  from  the  working  substance,  the 
■  transfer  is  at  a  constant  temperature  (considering  the  AT  as 
linsignificanily   Bmall).     Thus    the    surrender    of    heat    by    tlie 
I'Steani  and  the  reception  of  heat  by  ihc  water  correspond   to 
\\hc  regenerative  action  in  the  Joule  and  the  Stirling  gas  cycles, 
k/ter  the  water  has  thus  been  brought  to  condition  a.  the  boiler 
ain  supply   the  latent   heat  for  vaporization  at  the  constant 
(tempcratUTV  T,;  and  when  expansion  has  reached  the  point  ci, 
Ithc  heat  i»  rejected,  at  constant  temperature  Tj. 

(c)  Ab  the  reception  of  heat  from  the  hot  body  and  rejection 
E  to  the  cold  body  are  thus  all  isothermal  and  reversible 

,  and  as  the   temperature  changes  arc  equivalent   to 
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adiabatic  ones,  this  cycle  is  the  equivalent  of  the  Camot  cycle, 
and  the  equations  of  Section  92  and  curves  given  in  Section  108 
for  the  latter  can  also  be  used  for  this  Regenerative  cycle. 

(d)  This  Regenerative  cycle  has  been  used  but  little  in 
practice.  It  is  approximated  in  some  engines  built  by  Nord- 
berg,*  in  which  the  steam  is  expanded  in  steps,  by  passing  it 
successively  through  several  cylinders.  The  theoretical  expan- 
sion in  the  first  cylinder  corresponds  to  bb'  in  Fig.  74,  but  with 
a  finite  instead  of  an  infinitesimal  temperature  drop;  that  in 
the  second  cylinder  to  bib";  and  similarly  for  the  expansions  in 
each  of  the  other  cylinders.  Heat  represented  by  the  area 
below  bib'  is  abstracted  from  the  steam  from  the  first  cylinder, 
(or  from  its  steam  jacket)  and  is  used  to  raise  the  water  from 
slate  a"  to  a';  heat  corresponding  to  the  area  below  b^b'^j  with- 
drawn from  the  second  cylinder,  raises  the  condition  of  the 
water  from  a'"  to  a';  and  similarly  from  each  of  the  other 
cylinders,  heat  is  transferred  to  the  water.  Thus  heat  is  ab- 
stracted by  steps  from  the  expanding  steam  and  is  used  for 
progressively  heating  the  feed  water  in  small  increments,  each 
with  but  small  rise  in  temperature.  If  these  increments  could 
be  made  infinitesimal,  the  heat  additions  would  be  isothermal 
and  the  Regenerative  cycle  would  result.  Nordberg  used  four 
steps  only,  but  the  remarkable  results  obtained  with  these 
engines  when  the  heaters  were  in  use,  as  compared  with  their 
[)erf()rmance  without  the  heaters,  seem  to  indicate  that  there 
may  be  considerable  advantage  to  be  gained  by  using  the  regen- 
erative principle  even  with  but  few  steps.  One  Nordberg 
engine  attained  73.7  per  cent  of  the  eflSciency  of  the  Carnot 
cycle  for  the  same  tcmixjrature  limits. 

no.  The  Clausius  Cycle,  (a)  The  theoretical  cycle,  approxi- 
mated by  the  ordinary  steam  engine,  as  was  shown  on  pp.  195- 
i()7,  is  as  follows:  The  working  substance,  starting  as  water  at 
the  boiling  jxHnt,  recei\'es  heat  isothermally  during  the  process 
of  \aporization;  it  then  expands  adiabatically  from  the  higher  to 
the  lower  temjK'rature;  it  is  next  condensed  isothermally;  and 
hnallN .  after  Ix'ing  returned  to  the  boiler,  is  brought  back  to 
the  iTiiiial  state,  not  by  adiai)atic  compression,  but  by  the  ap- 
plieaiioii  of  heat.  This  cycle  will  Ix?  recognized  as  the  Oausius 
cycle  (Sections  93  and  94),  and   not  only  is  it  the  theoretical 

*  Transact iuns  A.  S.  M.  E.,  1900,  p.  181,  and  1007,  p.  705- 
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:1c  of  the  steam  engine,  but  also  that  of  the  steam  turbine, 
will  be  seen  liiter;  it  therefore  is  of  value  not  only  in  com- 
ing the  pcrformanccii  of  steam  engines  with  each  other,  but 
Iso  in  Cdinparing  engines  with  turbines. 

fb)  The  Clausius  cycle,  with  the  lower  temperature  taken  as 
lui  of  the  exhaust  steam,  has  been  adopted  by  the  British  Institute 
Civil  Engineers*  as  the 
idard  of  comparison  for 
m  engines  and  turbines,  go  - 
Nit  is  called  by  them  the  | 
Rankine  cycle,"  t  it  having  I* 
xn  published  simultane-  ♦ 
isly  but  independently  by  '' 
toth  Clausius  and  Rankine. 
rhf  use  <»f  this  temperature 
B  also  recommended  by  the 
men  can  Society  of  Me- 
hanical  Engineers  In  their 
•Rules  for  Conducting 
Stcatn-Engine'Tests,"t  as  a 
itdard  when  the  engine  by  '^ 
tsclf,  and  not  the  other  ap- 
uaius  of  the  power  plant, 
k  to  be  analyzed. 

(c)  The  workin  B.t.u.  per 
pound  of  steam  U£)  can  be 
omputed  for  this  cycle  by 
A'ng^Eqa.  (lS8)  and  (191), 
r  it  can  be  found  directly  | 
ltd  more  conveniently  from 
he  Mollier  chart,  Plate  11, 
B  the  Appendix,  (For  ac- 
urate  results  a  larger  chart 
tiould  be  Ubed  than  is  there 

The  ffficirnrv  of  the  Clau- 
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Eq.  (192)  or  (ig.i). 
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(d)  Fig.  75  gives  curves  for  the  efficiencies,  water  rates,  and 
work  in  B.t.u.  for  the  three  cases  that  were  considered  with  the 
Carnot  cycle,  Section  io8  (1),  namely,  with  atmospheric  esdiaust 
pressures  and  with  vacuums  of  26"  and  28*^  Hg. 

(e)  A  comparison  of  these  curves  with  those  for  the  Carnot 
cycle  (Fig.  73)  shows  lower  efficiency  in  this  case,  as  would  be 
expected.  The  work  per  pound  of  steam  is  la]^;er,  however, 
which  at  first  seems  wrong,  but  which  is  explained  by  the  fact 
that  the  heat  supplied  per  pound  from  the  source  is  much  laiiger 
in  the  Clausius  cycle  than  in  the  Carnot,  being  {xr  +  ff)i  —  ft 
for  the  former  as  against  jcifi  for  the  latter,  when  dry  saturated 
steam  is  used.  Thus  with  the  Clausius  cycle  less  weigfat  of 
steam  is  used  per  h.p.-hr.,  but  each  pound  receives  more  heat  and 
this  is  used  less  efficiently  than  with  the  Carnot  cycle. 

(f)  Comparing  the  Clausius  cycle  efficiencies  when  the  steam 
is  superheated  with  those  when  it  is  dry  saturated  (other  condi- 
tions of  operation  remaining  the  same)  shows  that  with  superheat 
the  efficiencies  are  so  little  higher  that  superheating  would  seem 
hardly  worth  while,  when  the  additional  expense  of  equipment 
and  maintenance  of  superheating  apparatus  are  considered.  It 
will  be  seen  later,  however,  that  superheating  may  give  beneficial 
results  which  are  not  in  any  way  connected  with  the  theoretical 
cycle,  hence  it  is  frequently  used  in  steam-engine  practice. 

III.   The  Rankine   Cycle,     (a)   In  the  reciprocating  steam 

engine,  instead  of  expanding  to  the  point 

— y  Ji,  Fig.  76,  it  is  the  general  practice  to  dis- 

\         (a)  continue  at  some  point  d,  and  release  the 

P.V.    >^^  ^      steam  at  constant  volume,  along  the  line 

I  "^-^  y      de,  as  is  done  in  what  has  been  previously 

«  »     called  the  Rankine  cycle  (Sections  95  and 


U 


T^       L    (6) 


Vdi    96).    The  "  toe  "  of  the  diagram  is  thus 
cut  off  and  the  work  represented  by  the 
area  ddie  is  lost.     The  reason  for  sacrific- 
ing this  work  is  twofold:  (i)  By  rcdlic- 
'  ing  the  maximum  volume  invdved,  that 

is,  from  Vdi  to  V^,  the  size  of  the  cylinder 
is  proportionately  decreased,  and  this  re- 
sults in  material   reduction  of  the  size 
and  cost  of  the  engine.     (2)  There  is  a  loss  in  power  and  effi- 
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dency  if  expansion  is  carried  beyond  the  pressure  that  is  just 
sufficient  to  overcome  the  frictional  resistance  of  the  engine;  for 
in  Fig.  76  (a),  if  expansion  were  completed,  the  additional  work 
done  by  the  steam  is  shown  by  the  area  eddi ;  whereas,  if  de  repre- 
sents a  pressure  equal  to  the  mean  frictional  resistance  of  the 
engine,  the  additional  work  in  friction,  with  the  greater  piston 
movement  df^  would  be  given  by  the  area  edifd,  which  is  greater 
than  the  useful  area  eddi,  by  the  area  dfdi.     The  latter  area 
represents  the  net  loss  accompanying  an  increase  in  expansion 
from  d  to  di. 

(b)  In  the  steam  turbine,  which  has  very  little  mechanical 
friction,  the  expansion  is  continued  down  to  the  exhaust  pressure, 
as  in  the  Clausius  cycle.  That  the  reciprocating  steam  engine 
does  not  do  the  same  is  a  fault  chargeable  against  it  and  one  that 
cannot  be  entirely  remedied.  Hence,  as  a  standard  of  compari- 
son for  both  the  steam  engine  and  the  turbine,  the  Clausius 
cycle  is  preferable  to  the  Rankine,  and  for  that  reason  the  latter 
cycle  will  not  be  further  considered  here. 

112.  Clearance  and  Compression,  (a)  In  the  theoretical 
cycles  previously  discussed  it  was  considered  that  no  steam  space 
existed  between  the  cylinder  head  and  the  piston  at  the  begin- 
ning of  the  stroke,  and  hence  that  the  initial  volume  of  steam  in 
the  cylinder  was  zero.  In  practice,  however, 
the  piston  must  not  touch  the  cylinder  head, 
and  the  shortest  distance  between  them  is 
called  the  **  mechanical  clearance,''  with  values 
from  \  inch  to  f  inch  or  more.  The  cubical 
contents  of  this  space,  including  the  passages 
to  the  valves  and  all  other  spaces  that  must 
be  filled  with  steam  before  the  commencement 
of  the  stroke,  is  termed  the  ''  clearance  vol- 
ume/' It  equals  the  initial  volume  on  the 
PV-diagram,  as  shown  by  cl  in  Fig.  77.  The 
percentage  of  "  clearance  volume  '*  as  com- 
pared with  the  piston  displacement,  or  volume 
displaced  by  the  piston  per  stroke,  is  from  2 
to  15  per  cent  in  practice.* 

•  The  tcnn  "  dearance  "  is  used  rather  loosely  as  applying  either  to  the  linear 
or  volumetric  quantity,  but  the  kind  of  clearance  meant  is  usually  apparent  from 
the  context. 


Fig.  77- 
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■''_       "■' *=^  '^_;  •^--.— -esces  the  amount  of  steam 

.::...»-.  .•=r_--:.  ..^.u-  :t  *.:rs.     If  the  engine  operates 

1 ''  "'_■:.."  _:t^: "r-;'  "^-"^-J^-  form.  Fig.  77  w, 

"^     ~     .~  ' .  ~-     r  ~."*  *-eam  is  exhausted 
%-.  :     -r-  <-:-  v.-  v  r.^.  .-   :he.3reEicalIy  represents 

""  ''"^^'^  "-eins  equal  to  the  per- 


Wa 


■  .1  "n«T . 


"  ^_  **^    ^'''.''^""  ^""^    ~    -"*•  a  still  greater  pro- 

->:  -:^.  .    :r^:  -^  xis:^  because  of  the  clearance 

r-    '  -.-..   : -<  :^  ::ei-ir.ce  voiurne  is  greater  in  pro- 

-.:,-  -  -    .  .i^.-e  :c  ^:ein:  aamirted  than  in  the  pre- 

- "-  ■  ■■.--  '.^i-^^i  '^  -J"^:  ^hown  in  Fig.  77  uM.  in  which 
..MM-::  .-..  .:-:--i.:r.  i.:r.;^  .-.  there  is  theoretically  no 
-  :  'r:  -^-iTi-ror  :  .r  :i:  e^cn  s:r.:.ke  the  weight  of  steam 
■:  ■-  1  !■■:  :  rr^sei  ilor.^  jo  can  be  considered. dur- 
--.  -    L.  :     '  ■*-^  ro.::<  v.;."^  S.-.  ju<t  as  if  this  amount 

■'  *  --;.i-'^.:-:  :r. ...  :.'e  rts:  by  a  flexible  diaphragm 
-  .  --T<-  ^r-.-:  rxro^-.iniu  adiabatically  without  being 

*     !\""^"  v^^'^r^ipression  is  not  carried 
:.-v  :r.:::a.  prv<-ure.  but  is  along  some 
—V  ci  :r.  r:^.  7^:^.  :ne  case  is  intermediate 
.,"-.v.>:r.    c    And    d  .    If.  in  addition,  the 
■\:  .-.:■--:  n  :s  inomplete.  terminating  al 
^  :-.-  pi:::  :  in  Fi*;.  7<.  the  clearance  loss 
:?  :  :t-.rc::oaIIy  a   minimum  when  com- 
.1  :•  ir.:  -.  ::if'»vh.it  hielow  b* 
.:>^    ::wTv  are  certain  influences  to  he  dis- 
-.  ':■::;.  :hc  ihLvrc-ncal  effect  of  compression. 
:rrv''^!  n    ir.   the  actual    engine   improves 
:■  :i   i>    >:iil    a  matter   of   discussion.     The 
■.::.it    :iie  crtLVt   is  diflicult   to  determine 


I    r:.\ 


f  f  J.    Cushion  Steam  and  Cylinder  Feed,     ta)    It  is  sometimes 

«'ifi   '  III' ri»   !'i  « ')M-i<J«r  ill'-  uii^Iu  Mt  working  substance  present 
ill  .in  «  n.'Hj*    «\linH«r  ii-  rf>mp<.»si:fl  of  two  parts,  namely,  that 

•  "vr  Hirl:*-  'Stt-.ini  I^Tiiiino."  \'ul.  I.  p.  97. 
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during  compression  and  that  fed  from  the  boiler  during 
each  (.yclf. 

(b)  The  steam  entrapped  during  compression   is  called   the 

"cushion  steam."     ItisdtfHcult  to  determine  its  quality  ihrough- 

«u!  compression,  but  it  is  customary  to  assume  it  dry  when  com- 

prtssifin  liegins.      Since  almost   immediately  after  release   the 

stram  pressure  drops  to  the  back  pressure, 

tliw*  is  b«t  Htile  steam  in   the  cylinder 

*«ma[icr  the  beginning  of  the  back  stroke. 

'"'wt  part   subsequently  trapped    in   the 

dcanncc  and  compressed  is  subject  to  d«c 

"'Bher  temperature  of  the  cylinder  walls 

|*''rx>uBhout  nearly  the  whole  of  the  return  '^■s-  7P- 

■"'Jkc.  hence  must  be  practically  dry  when  compression  begins. 

Willi  this  assumption,  the  weight  of  the  cushion  steam  at  k, 

'8-  79,  can  be  computed  from 

■Wk  =  I'*  -^  V. (226) 

I  which  Vk  can  be  scaled  from  diagram  and  Vt  is  the  specific 

^^jJumc,  as  given  in  the  Steam  Tables,  for  the  pressure  p^  existing. 

!f  the  same  weight  of  steam  is  raised  to  the  initial  pressure  [>i 

i  is  maintained  dry  and  saturated,  it  will  occupy  the  volume 


r.' 


C  V, (227) 


there  Vt  is  Uie  specific  volume  at  the  initial  pressure  P\.  The 
^ume  Vh  is  shown  by  the  abscissa  at  tht;  point  b'  in  Fig.  79, 
t  which  b'k  is  the  saturation  curve  for  a  weight  of  steam  equal 
>tev. 

Evidently  when  the  \'alve  opens  to  admit  steam  to  the  cylinder 
lb  weight  tt"*  is  already  present,  and  it  occupies  the  volume  Vt 
I  soon  as  its  pressure  is  raised  to  that  of  the  entering  steam. 
(c)  The  steam  that  is  supplied  to  the  cylinder  from  the  boiler 
:  cvtry  cycle  is  called  the  "  cylinder  feed  "  (li'/).  The  cylinder 
ed  may  l>c  determined  by  finding  the  weight  of  steam  delivered 
I  the  engine  in  a  given  time  and  dividing  this  by  the  correspond- 
g  number  of  cycles. 

If  the  boiler,  without  loss,  furnishes  to  the  engine  all  the  steam 
generates,  thi;  weight  of  steam  supplied  is  equal  to  the  weight 
w^ier  fed  \a  the  boiler  in  the  gi\cn  lime.  If  a  surface  con- 
mscr  i»  used,  w/  can  be   determined  from   the  weight  of  the 
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steam  coodenaed  in  the  given  time,  pcovided  tliae  n  no  leakage 
in  the  condenser. 

In  Fig.  79  the  \'olunie  of  the  c>-linder  feed  is  shown  by  the 
distance  b'c.  It  irould  be  represented  by  be  only  in  case  the 
compression  terminated  at  pckat  b. 

(d)  The  total  wei^t  (w)  cf  steam  in  flie  afiaaAa  during 
expansion  is  evidently  made  up  of  the  c)'Under  feed  (w/)  and  the 
cushion  steam  (a-*) ;  thus  iv  =  n-/  +  n>.  Its  theoretical  volume 
at  the  time  of  cut-off,  if  it  is  dry  and  saturated,  is  Vc  =  w  X  Vn 
where  V(  is  the  specific  volume  of  the  steam  at  the  cut-off  pressure. 

114.  Sattmtion  and  Qnality  Carres,  (a)  If  the  weight  <A 
steam  (w)  present  in  the  cylinder  is  con^dered  to  be  dry  and 
saturated,  it  occupies  at  any  time  a  volume  V,  =  vV,  where  T 
is  the  spedhc  volume  for  the  pressure  under  consideration.  By 
plotting  on  the  PV-diagram  the  values  of  V,  for  different  pres- 
sures, a  Sfttnration  Curre  is  obtained.  Such  a  curve  is  shown  by 
cs  in  Fig.  80,  and  is  of  value  in  detnmining  the  quality  of  steam 
at  different  points  during  expansion  (Section  70).  For  example,  in 
Fig.  80,  in  which  the  expansion  line  cd  is  adiabatic,  the  quality 

AC 
of  steam  at  any  point  C  is  x  =  -j-=,  and  the  "wetness  factor"  is 

CS 


(I  - 


x)  - 


AS 


(b)  If  qualities  are  determined  for  several  pcnnts  along  the 
expansion  line  and  are  plotted  as  ordinates  on  the  correspondii^ 
volumes,  as  in  the  upper  part  of  Fig.  80, 
a  Curve  of  Qtulities  is  obtained,  whidi 
shows  how  X  varies  during  the  expansion. 
The  quality  curve  in  this  case  shows  the 
condensation  that  takes  place  in  order  to 
make  heat  available  for  doing  external 
work  during  the  adiabatic  expansion.  In 
the  figure  the  steam  is  assumed  to  be  dry 
and  saturated  at  c,  hence  the  saturation 
curve  must  pass  through  that  pcunt. 
Quality  curves  for  any  other  Idnd  of  ex- 
pansion line  can  be  found  in  the  same 

AC 
way;  thus,  if  c'>  is  the  line,  the  quality  at  C  is -r^,  if  the  weight 

of  material  present  is  the  same  as  before. 


K[g.  80. 
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Fig.  81. 


(c)  Should  the  expansion  line  cross  the  saturation  curve,  as 
in  Fig.  81,  the  quality  ratio  would  be  greater  than  100  per  cent, 
which  would  indicate  that  the  steam  becomes  superheated  during 
exi>ansion.     If  the  weight  {w)  of  steam  is 

known,  the  specific  volume  of  the  super- 

y 

heated  material  follows  from  V  =  — ,   in 

w 

mrhich  V  is  the  volume  scaled  on  the  dia- 
gram. Then  the  absolute  temperature  of 
the  steam  may  be  computed  by  solving 
Tumlirz's  Eq.  (134).  Thus  T  =  />  (V  +  0.256)  -^  0.5962,  in  which 
p  is  the  absolute  pressure  in  pounds  per  square  inch.  By  sub- 
tracting from  T  the  absolute  temperature  of  saturation  at  the 
pressure  p  the  degrees  of  superheat  D  can  be  found. 

(d)  On  page  156  it  was  shown  that  under  certain  conditions 
the  adiabatic  expansion  of  wet  steam  can  be  represented  quite 
accurately  by  PF"  =  const.,  where  n  has  different  values  which 
depend  on  the  quality  x  at  the  beginning  of  expansion.  The  re- 
lation between  n  and  x  was  given  in  Eq.  (156),  thus  the  initial 
quality  can  be  determined  if  n  is  known.  The  value  of  n  in 
any  case  can  be  found  in  several  ways,  but  probably  the  most 
convenient  method  is  to  replot  the  expansion  curve  using  loga- 
rithmic coordinates,  in  which  case  n  is  the  slope  of  the  expansion 
line  (page  55).  With  the  quality  and  volume  known  at  the  be- 
ginning of  expansion,  the  corresponding  weight  of  steam  in  the 
cylinder  and  the  water  rate  can  be  determined  readily. 


CHAPTER  XV. 

ACTION  OF  STEAM  IN  REAL  ENGINES. 

115.  Cylinder  and  Thermal  ElBiciencies  of  the  Steam  Engine. 
(General.)  (a)  The  actual  behavior  of  the  steam  in  a  cylinder  is 
quite  different  from  the  theoretical,  because  of  modifications  of  the 
ideal  cycle,  heat  interchanges  between  the  steam  and  the  cylinder 
walls,  and  leakage  of  valves,  piston,  etc.  The  greater  the  per- 
fection attained  in  the  design,  construction,  and  operation  of  the 
engine,  cylinder,  piston,  valves,  etc.,  the  closer  will  the  actual 
behavior  approach  the  ideal.  The  measure  of  this  perfection  is 
given  by  the  indicated  or  cylinder  efficiency  (/£/),  Section  105  (e), 
which  can  be  computed  by  Eq.  (215),  or  by  the  following: 

jpr  _  Actual  B.t.u,  of  indicated  work  per  lb,  of  steam  __  Hj     . 
Theoretical  BA.u  of  work  with  Claiisius  cycle     AE 

_  B.t.u.  equivalent  of  1  i.h.p.-hr.  _    2545  .       . 

Ileat  available  per  i.h.p.-hr.         WiAE      '     '     '     ^ 

_  Theoretical  lbs,  of  steam  per  h.p.-hr.  _  W       ' '  /     q^\ 

Actual  lbs.  of  steam  per  i.h.p.'hr.         Wi' 

In  which 

AE  =  B.t.u.  work  with  Clausius  cycle  p'  /  lb.  of  steam. 

2S4-S 

Hi  =  Actual  B.t.u.  indicated  work  per  lb.  of  steam  =  -r^- 

Wi 

ir  =  Pounds  of  steam  theoretically  needed  per  i.h.p.-hr.  with 

Clausius  cycle  =  2545  "^  ^^• 
Wi  =  Pounds  of  steam  actually  used  per  i.h.p.-hr.  as  found 

by  weighing  the  water  used. 

(b)   The  cylinder  efficiencies  of  steam  engines  and  turbines 

range  from  40  per  cent  to  80  per  cent,  and  in  one  exceptional  case 

88.2  per  cent  was  attained.     The  reasons  for  the  differences 

occurring  between  the  real  cycle  and  the  Clausius,  and  for  the 

losses  which  they  represent,  and  the  methods  of  reducing  these 

losses,  will  be  discussed  in  the  succeeding  sections. 

208 
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If  the  same  Clausius  cycle  is  followed  by  two  reciprocating 
stearn  engines,  or  by  a  reciprocating  engine  and  a  steam  turbine, 
the  ratio  of  the  consumptions  of  steam,  or  heat,  per  i.h.p.-hr.  of 
the  two  engines  is  equal  to  the  inverse  ratio  of  the  cylinder 
efficiencies.  If  the  theoretical  cycles  are  not  the  same,  such  a 
comparison  should  not  be  made. 

(c)  It  is  at  times  necessary  to  predict  the  performance  of  a 
'^^^'V'  engine,  or  turbine,  when  operating  under  certain  definite 
^^nditions.  In  such  cases  the  B.t.u.  of  work,  AE,  done  by  the 
Clausius  cycle,  per  pound  of  steam,  can  be  obtained  from  E(js. 
(^^8)  and  (191),  or  from  the  Mollier  or  EllenwfKxi  diagrams  in 
^ne  Appendix;  then  if  the  proper  value  of  the  Cylinder  Efficiency 
y^Ef)  can  be  found,  from  data  relating  to  similar  engines  oper- 
^^*ng  under  like  conditions,  the  probable  number  of  heat  units 
^hat  will  be  converted  into  work  per  pound  of  steam  is,  from 
^.  (228a), 

Hi  =  A£  X  /£/, (229) 

^^d,  from   Eq.    (228b),   the  probable  steam   consumption   per 
^h.p.-hr.  is 

Wi  =  2545  ^(AEX  lEf) (230) 

(d)  The  Thermal  Efficiency  on  the  i.h.p.  {TIEf),  Section  105 
(g),  is  the  ratio  of  the  indicated  work  to  the  heat  sui)plied  for 
doing  this  work;  it  is  therefore  a  measure  of  coml^inc^d  efficiency 
of  the  cycle  and  of  the  cylinder  with  its  appurtenances. 

The  engine  cannot  use  heat  that  is  of  temperature  lower  than 
that  of  the  exhaust  steam  Tj,*  and,  theoretically  at  least,  the  heat 
remaining  in  the  condensate  can  be  returned  to  the  boiler  with 
the  feed  water;  hence  the  heat  of  the  licjuid  below  this  lower 
temperature  is  not  chargeable  against  the  engine,  li'hcfi  considered 
by  itself  and  not  in  connection  with  the  pon'cr  plant  as  a  whole. 
Therefore, 

rpjpr  _    B.t.u,  indicated  work  perjb.^f  stearn  ,        . 

Heat  supplied  above  Ti  per  lb.  of  steam 


Hi 


2545 


(231b) 


(231c) 


•  Proc.  Inst.  C.  E.  (British),  Vol.  CXXXIV;  and  Trans.  A.  S.  M.  E.,  Vol.  XXIV, 
pp.  716  and  755 
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Where  Hi  =  B.t.u.  of  actual  indicated  work  per  pound  of  steam 

=  2545  -  ir,_=  SEX  lEf (232) 

AOi  ={xr  +  q  +  L\D\ {233) 

qi  =  heat  of  liquid  above  32  degrees  when  at  the  tem- 
perature 72*  of  the  exhaust  steam. 
Wi  =  Pounds  of  steam  actually  used  per  i.h.p.-hr.  as 
found  by  weighing  the  water  used. 

The  value  of  TIEf  varies  with  the  kind  of  engine  and  condi- 
tions of  operation,  and  ranges  in  practice  from  5  per  cent  to  25.05 
per  cent,  this  latter  value  being  the  maximum  yet  recorded. 

In  the  case  of  a  new  engine,  the  probable  performance  may  be 
comp)uted,  if  the  value  of  TIEf  for  similar  engines  and  condidons 
are  known,  by  using  the  following  equations,  derived  from  Eq. 

^^'^^-  ir.  =  2545  -  5(A<?i  -  ft)  X  TiEn    .   .   (234) 

i/.  =  (A(?i  -  ft)  X  TIEf. (235) 

[^e^  The  Mechanical  Efficiency  (MEf)  of  the  steam  engine 
nu^hanism  varies  from  85  to  97  per  cent. 

(f )  The  measure  of  the  combination  of  the  efficiencies  of  the 
cycle,  cylinder,  and  engine  mechanism  is  the  Thermal  Effi- 
ciency on  the  d.h.p.  (TDEf),  Section  105  (h).  TTie  TDEf  caLU 
be  computt*d  from  Eqs.  (219)  and  (220).  Since  it  is  the  ratio  of 
ihf  B.t.u.  of  work  delivered,  to  the  heat  supplied  in  doing  that 
work.  ,-,. 

r/)£/ =  „,-^;7^  -  - (236) 

in  which  If'd  is  the  weight  of  working  substance  supplied  to  the 
eiiiiine  jxT  d.h.p.-hr..  and  SQi  is  the  heat  per  pound  as  given  by 
Kq.  233 K  and  g->  is  the  heat  of  the  liquid  at  exhaust  tempera- 
ture 7'-. 

riu-  TDEf  is  from  85  to  97  per  cent  of  the  TIEf,  the  ratio 
belli i:  ecjual  to  the  mechanical  efficiency. 

riie  probable  fx.Tformance  of  an  engine  on  the  basis  of  de- 
livered  power  may  be  estimated  by  using  the  follo^nng  equations, 

]Vj  =  2545  -^  ][SQi'-q2)  X  TDEf  I   =  IF,  -i- MEf     (237) 

'"'''     Ili=  TDEt[SQ,-q2) (238) 

where  Hi  i>  the  B.t.u.  of  work  delivered  per  pound  of  steam. 

•  Prw.  Inst.  C.  K.  <British\  Vol.  CXXXIV;  and  Trans.  .\-  S.  M.  E..  Vol.  XXIV, 

pp.  710  and  755. 
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"This  kind  of  Vjis   "Ril    r       --.-.*:.    .  .-    i     ■ 
through  pipes. 
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gTOAt  rapidity  and  within  such  small  space  that  little  heat  loaB 
ro  the  outside  can  occur,  but  as  there  is  an  increase  in  the  vdoc- 
it\  x^t  the  steam  there  is  a  small  amount  of  heat  expended  in  im- 
{v^rtin^  kinetic  energ>'.  This,  however,  returns  as  heat  whei 
-Jh^  \oKH:ity  is  reduced  in  the  engine.  The  heat  lost  while  the 
]v\>Mia'  is  decreased  is  so  small  as  to  be  negligible,  hence  the 
pvHA'ss  may  be  considered  one  in  which  the  total  associated  heat 
-,•»•»? Mi:f  constant.  The  throttling  increases  the  quality  (or 
v»|viluNi(),  (he  value  of  which  can  readily  be  found  by  follow- 
u\c  «tl«H)K  the  proper  constant-heat  line  either  on  the  Mollier 
stt.^Kiani  or  on  the  T^iagram,  from  the  point  for  the  initial 
^^Muli(it)ll  K)  that  for  the  lower  pressure  (or  temperature). 

\  lurthor  wire-drawing  takes  place,  with  a  similar  effect  on 
\U\^  i  OIK  lit  ion  of  the  steam,  while  the  steam  passes  the  more  or 
Uwn  H>iricted  opening  of  the  admission  valve  on  its  way  to  the 

V  \  lllullT. 

{k\  )  When  the  steam  enters  the  clearance  Space  in  the  cylinder, 
u  ioiiu'H  in  contact  with  surfaces  that  were  cooled  during  the 
IKiiiMJ  nf  exhaust  of  the  preceding  cycle.  In  the  resulting  inter- 
change of  heat,  the  temperature 
of  the  clearance  walls  is  raised, 
and  ordinarily  from  lo  to  40 
per  cent  of  the  steam  is  con- 
j  densed.    The  corresponding  de- 

'i^I-O'fL'tr— L^s  !  crease   in    the   quality  of    the 

\  pr^^^s^l       \  ^      I  steam  is  shown  by  the  inclina- 

tion of  the  quality  curve  Xibi  in 
Fig.  82. 

As  the  piston  recedes  during 
admission    (be),  an    increasing 

amount  of  the  cylinder  wall  is 

Fig.  82.  .  1  . 

exposed  to  the  entenng  steam 
and  further  condensation  takes  place  (as  shown  by  the  slope  of  biCi) 
until,  at  the  point  of  cut-off,  from  20  to  50  per  cent  of  the  steam 
has  usually  been  condensed.  Next  to  the  heat  loss  inherent  in 
thr  theoretical  cycle,  this  Initial  Condensation,  as  it  is  called, 
causes  the  largest  loss  that  ordinarily  occurs  in  the  steam  engine 
and  is  therefore  the  one  most  desirable  to  minimize. 

(e)    During  admission  the  pressure  is  decreased  by  the  wire- 
drawing of  the  steam  while  passing  the  admission  valve  and 


\ 
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while  flowing  through  the  passages  to  the  cylinder.  This 
causes  small  loss  of  heat  but  decreases  availability.  It  improves 
the  quality  or  superheat  of  the  entering  steam  somewhat  and 
may  reduce  the  initial  condensation  a  very  slight  amount. 
The  decrease  of  pressure  by  wire-drawing  and  the  effect  of  con- 
densation during  admission  are  shown  by  the  downward  slope 
of  the  admission  line,  be, 

(f)  After  cut-off  (c),  the  condensation  continues,  until  expan- 
sion has  reached  a  point  (/)  where  the  temperature  of  the  steam 
equals  the  mean  temperature  of  the  exposed  cylinder  walls. 
The  accompanying  change  in  quality  is  shown  by  the  curve 
Cih.  With  further  expansion  the  average  quality  of  steam 
increases;  steam  is  still  condensed  on  the  surfaces  newly  un- 
covered by  the  continued  motion  of  the  piston,  but  the  heat 
thus  absorbed  by  the  cooler  portion  of  the  cylinder  wall  is  less 
than  that  given  up,  to  evaporate  moisture,  by  the  rest  of  the 
wall  which  is  at  relatively  higher  temperature.  The  increase 
in  quality  is  shown  by  tifi.  Of  course,  the  condensation  during 
expansion  is  not  all  due  to  the  influence  of  the  cylinder  walls, 
for  heat  must  be  used  in  performing  the  external  work,  as  was 
shown  in  Section  114  (b). 

The  quality  curve  Ci/ifi,  for  the  period  of  expansion,  is  readily 
obtainable  after  the  saturation  curve  has  been  drawn  for  the 
total  weight  of  mixture  in  the  cylinder;  but  that  part  of  the 
quality  curve  which  relates  to  admission  {xihiCi)  is  indeter- 
minate and  is  therefore  shown  dotted  in  the  figure. 

(g)  Theoretically,  expansion  should  be  continued  to  the 
point  d  on  the  back  pressure  line;  therefore,  in  the  actual  case 
there  is  a  loss  due  to  incomplete  expansion,*  measured  by  the 
area  rde. 

During  release  {re)  the  steam  is  dried  to  some  extent  by  the 
heat  that  is  given  up  by  the  cylinder  wall  to  the  steam,  which 
is  now  at  a  low  temperature,  and  also  by  the  heat  released  from 
the  steam  itself  while  decreasing  in  pressure. 

(h)  During  exhaust  {ek)  the  confining  walls  are  cooled  by 
the  outflowing  steam,  and  by  the  evaporation  of  the  film  of 
moisture  on  the  walls.  The  greater  the  amount  of  moisture, 
within  limits,  the  cooler  will  the  walls  bqcomc  and  the  greater 
will  be  the  amount  of  steam  condenscxl  during  admission  in  the 

*See  Section  in. 
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next  stroke.  The  exhaust  pressure,  or  back  pressure,  is  some- 
what higher  than  the  theoretical  because  of  the  resistance  to 
steam  flow  offered  by  the  valve  opening  and  passages,  by  the 
inertia  of  the  steam  itself,  and  because  of  the  evaporation  of 
moisture. 

(1)  During  compression  the  quality  of  the  steam  is  indeter- 
minate. It  is  usually  assumed,  however,  that  the  steam  is  dry 
at  the  beginning  of  compression,  and  this  is  accurate  enough  for 
most  practical  purposes  because  of  the  small  weight  of  steam 
involved.  During  the  first  part  of  compression  the  steam  will 
probably  be  slightly  superheated  owing  to  the  reception  of  heat 
from  the  hotter  walls  of  the  cylinder.     If  the  compression  is 

high,  the  temperature  from  compression  may  rise 

r^J^^V  above  that  of  the  cylinder  walls,  in  which  case 

\      ^^        condensation  will  follow.     Further  compression 

of  the  now  saturated  steam  will  be  at  constant 


*^*    ^*  pressure,  and  on  the  PV-diagram  the  line  be- 

comes horizontal,  thus  forming  the  "  hook  *'  as  in  Fig.  83.* 

(j)  The  cycle  is  further  influenced  by  the  leakage  of  steam 
past  the  valves  and  around  the  piston,  which  would  modify  the 
actual  diagram. 

(k)  The  loss  of  heat  from  the  cylinder  walls  by  radiation^ 
conduction,  and  convection  lowers  the  mean  temperature  of  the 
walls  and  adds  slightly  to  the  condensation. 

117.  Diagrammatic  Representation  of  the  Heat  Interchange 
in  the  Cylinder,     (a)   In  the  PV-diagram,  Fig.  84  (a),  the  point 
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Fig.  84. 

C  represents  the  total  charge  of  steam  and  water  in  the  cylinder, 
considered  raised  to  the  initial  pressure  and  in  a  dry  saturated 
condition.     CC  is  an  adiabatic  expansion  line  drawn  through 

*A  somewhat  similar  hook  occurs  when  there  is  leakage  past  the  pbton  or 
valve. 
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this  point,  and  fCC'g  is  the  Clausius  diagram  which  this  charge 
should  theoretically  give.  The  actual  diagram  (omitting  com- 
pression and  clearance)  is  fbcreg.  If  through  c  the  adiabatir 
CiCf  is  drawn,  then  fciCtg  is  the  Clausius  diagram  for  the  vai)or 
actually  present  at  cut-off.  Thus  the  loss  of  area  from  initial 
condensation  is  seen  to  be  CiCC'c2f  and  that  due  to  wire  drawing 
is  bcci.  That  the  expansion  line  from  c  to  t  has  greater  sU)\h: 
than  cct  shows  that  the  condensation  takes  place  more  rai)i(lly 
than  it  would  with  adiabatic  expansion.  At  /  the  temfxrature 
of  the  steam  is  the  same  as  that  of  the  cylinder  walls,  and  fn^ni 
/  to  r  reevaporation  takes  place,  as  shown  by  the  expansion  line 
being  more  nearly  horizontal  than  the  adiabatic. 

The  loss  due  to  early  release  is  shown  by  the  area  rde^  in  which 
rd  is  an  adiabatic  line. 

(b)  The  diagram  for  the  compression  of  the  cushion  steam 
is  shown  separately  in  Fig.  84  (ft)  by  gkaa\\  and  alxAC  it  is  the 
area  a\abf  for  admission  at  constant  volume.  By  subtracting 
Fig-  84  (*)  from  Fig.  84  (a)  the  net  diagram  is  obtained,  as  in 
Fig.  84  (c). 

(c)  The  use  of  a  T^Diagram  to  re[)resent  the  heat  inter- 
changes occurring  in  the  cylinder  is  more  or  less  convent ion.il 
and  is  only  partly  correct  from  the  theoretical  stancliK)int.     In 
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Fig.  85. 

Fig.  85,  which  is  lettered  to  correspond  with  Fig.  84,  fCC'g  is 
the  Clausius  diagram  for  the  total  weight  of  charge  used  per 
cycle;  fbcreg  conventionally  represents  the  actual  diagram,  neg- 
lecting clearance  and  compression;  and  fcxc-ii^  is  the  Clausius 
cycle  for  the  vapor  actually  present  at  the  time  of  cut-off. 
The  loss  of  heat  to  the  cylinder  wall  due  to  initial  condensation 
is  given  by  area  below  C\C  down  to  the  <^axis;  but  as  that 
part  below  CiC  could  not  be  utilized,  the  net  loss  of  area  from 
this  cause  is  CiCC'cg.    The  wire-drawing  loss  is  represented 
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n])[)rc)xiinatdy  *  by  the  area  bcci.  That  heat  is  lost  to  the 
cylinder  wall  after  cut-off  is  shown  by  die  sloping  erf  the  dpas- 
sion  line  ci  to  the  left  of  the  adiabatic  cct,  ^ich  indicates  that 
\\\v  (luality  decreases  more  rapidly  than  it  would  with  adiabatic 
r\|Kinsi()n.  At  t  condensation  ceases;  and  from  /  to  r  re§vapo- 
ration  takes  place,  accompanied  by  an  increase  in  the  quality. 
Tho  l()HM  due  to  early  release  is  represented  approximatdy  by  tiit 

4MAM  fr</. 

id)  The  T^iagram  for  compression  of  the  small  weq^t  of 
nishion  steam  is  shown  in  Fig.  85  (b)  by  the  negative  area  kaoig 
(li.twn  to  the  same  scale  as  before,  except  that  the  width  has 
luMMt  uHUianl  in  proportion  to  the  weight  of  working  substance 
in\(tl\(Hl.  More  it  is  assumed  that  the  steam  is  dry  at  thebe- 
^:iiiiuiiK  of  n)mpression,  in  which  case  the  saturation  curve  5 
wniiUI  luiss  thn>iiKh  the  point  k.  The  heat  lost  to  the  cylinder 
wMhi  diiriuK  (H)mprcssion  is  shown  by  the  area  under  ka,  and 
ilir  (|ualities  during  compression  can  be  readily  determined  in 
ihr  Usual  manner  on  such  diagrams. 

In  Imk.  H5  (c)  the  intercepts  between  a'g  and  ak  are  the  same 
itM  tliohc  l)etwcen  the  similar  lines  in  Fig.  85  (6);  ab  is  the  line  for 
tlir  (onstant  volume  during  admission  (corresponding  to  ab  in 
I'  »«•  ^4).  *'i"d  fbcreg  is  the  same  as  in  Fig.  85  (a).  The  area  abcrek 
f\  itlriiily  approximately  represents  the  work  done  during  the 
actual  cycle. 

(e)  Obviously,  cr  is  the  only  part  of  the  diagram  that  shows 
llu»  true  behavior  of  all  the  steam  used  per  cycle;  for,  during  the 
other  parts  of  the  cycle,  only  a  part  of  the  steam  is  within  the 
cyliiuler.  As  the  T^-diagram  is  ordinarily  used  in  connection 
with  the  actual  steam  engine,  it  is  assumed  that  if  x  parts  of  dry 
si  CM  in  are  present,  the  associated  heat  is  the  same  as  that  of 
.ill  I  he  steam  when  at  quality  x,  and  the  state  point  is  located 
on  I  he  diagram  accordingly.  This  is  fallacious,  since  Jc(r +^) 
is  not  the  equivalent  of  (xr  +  q).  Thus,  the  T^-diagram  is 
(orrrct  only  for  the  expansion  process  (the  weight  of  material 
l)«in^  constant);  it  is  erroneous  to  use  it  quantitatively  for  the 
other  [)rocessc*s,  but  it  shows  in  a  general  way  what  interchanges 
occur  in  these  other  cases.  As  the  T<Hliagram  is  ordinarily 
interpreted,  it  would  be  said  that  while  tracing  the  line  from 
b  to  c  the  quality  would  be  increasing,  but  in  this  case  it  is  the 

*  The  reason  this  is  approximate  will  appear  later. 
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urac  of  the  vapor  that  is  increasing  in  the  cylinder,  while  al 
I  same  time  its  quality  is  usually  decreasing.  Again,  while 
is  being  drawn,  the  volume  of  the  steam  in  the  cylinder  is 
sca^ng,  and  the  quality  is  increasing. 

(f)    In  the  foregoing  discussion  the  upper  and  lower  temper- 
9  were  taken  as  those  occurring  in  the  cylinder  itself.     If 
ibi-rmaU  corresixmding  to  the  boiler  and  condenser  temper- 
;  drawn  on  the  diagram,  the  added  areas  would  show 
i  losst^  lictween   the  boiler  and   cylinder  and   between   the 

md  condenser. 
ii8.  Derivation  of  a  T<f)-Diagrain  from  a  PV-Diagram.  (a) 
St  Method.  On  the  PV'-diagram  draw  the  saturation  curve 
'  the  total  weight  of  mixture  (iv)  involved;  take  numerous 
nts  around  the  diagram;  and  for  each  get  the  temperature 
,  and  the  ratio  (A')  of  the  actual  volume  to  thai  of  dr>' 
urated  steam  as  given  by  the  saturation  line.  Note  that 
ring  expansion  A'  will  be  the  quality, 
lile  during  other  parts  of  the  cycle  it  is 
nply  a  ratio  of  volumes. 
Prepare  a  T^-chart  as  in  Fig.  86,  by 
twing  the  water  and  saturation  cui^'es. 
is  may  be  done  conveniently  by  using 
tolute    temperatures  and   entropies  of 

and    vapor    given    in    the    Steam  j.-jg^  g^, 

blcs,  theentropies  being  multiplied  by  kj 

ore  plotting.     For  each  value  of  T  draw  the  isothermal  line  TC- 
I  iht  distance  AC  is  tlie  entropy  of  vaporization.     Locate 
AB 
[  point  B  on  .4C  in  sucJi  position  as  to  make  -j-^  equal  to  the 

le  oi  X  obtained  from  PV-diagram.     The  locus  of  points  B 

i  found  will  be  the  desired  diagram. 
J>)   Tilt;  foregoing  applies  only   to  saturated   steam.     If  AT 

uld  be  greatiT  than  too  per  cent,  the  temperature  (7",)  of 
i  Miperhealed  steam  must  first  be  found,  and   tliis  may  be 

!  by  using  Tumlirz's  formula  in  the  manner  explained  in 
lion  114  (c);  then  the  corresponding  [x>int  B,  (Fig.  86)  must 
located  in  thv  region  of  superheat  on  the  pressure  line  P  at 
I  urmperature  elevation   7",. 

c>  If  a  T^r^bart  for  one  pound  instead  of  for  (w)  pounds 
vn.itrucu-d  like  Piatt-  1  in  the  Appendix,  it  may  be  used  for 
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the  derivation  of  a  T^-diagram  by  plotting  correspoiidiiig 
values  of  T  and  X  directly;  and  it  can  be  used  r^^ardless  <rf 
the  weight  of  steam  involved,  thus  avoiding  the  constructioa 
of  a  new  chart  for  each  case.  It  must  be  remembered,  however, 
that  the  areas  on  such  diagrams  represent  the  heat  for  only  one 
pound  of  steam. 

(d)  Second  Method  (Graphical).  In  this  method  it  is  first 
necessary  to  prepare  a  Boulvin  Chart*  such  as  is  shown  in 
Fig.   87,  in  which  there  are  four  quadrants  with  related  co- 


> 


Fig.  87. 

ordinates.  The  first  quadrant  (I)  is  for  temperature-entropy 
(T0)  relationships;  the  second  (II)  for  temperature-pressure 
(TP);  the  third  (III)  for  pressure-volume  (PV);  and  the  fourth 
(IV)  for  entropy- volume  (0V). 

(e)  In  the  PV-quadrant  let  the  saturation  curve  ss\  for  the 
weight  of  steam  ti',  be  drawn  with  any  convenient  scales  for  the 
pressures  and  volumes.  Then,  in  the  PT-quadrant,  plot  a 
(:ur\'e  showing  the  pressure- temperature  relation  for  saturated 
steam,  using  the  same  pressure  scale  as  before  and  any  suitable 
one  for  absolute  temperatures.  Next,  in  the  T^-quadrant, 
using  (he  same  temperature  scale  and  any  convenient  one  for 
entr()|)y,  construct  the  curves  for  water  and  for  saturated  steam. 
Then  for  any  i)rcssure  p,  the  chart  shows  that  the  volume  of 
the  siituratcnJ   steam  is  ps;  that  the  temperature  is  pz  =  ot; 

•  "  Kntropy  Diagram,"  by  J.  Boulvin,  published  by  Spon  and  Chamberiam. 
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i  '■flw  entropj'  of  the  water  is  (/;  and  that  the  entropy  of 
va|>oru:at>o[i  is  fS. 

(()  While  steam  is  being  generated,  the  entropy  of  vaporization 
increases  uiiifornily  with  the  volume  of  vapor  formed.  For  the 
[larticiilar  pressure,  p,  under  consideration,  this  relation  may  be 
shown  in  the  remaining  fourth  quadrant  (IV)  by  the  straight 
*\'-cur\e  fiSi.  This  cur\e  is  obtained  by  projecting  downward 
Irora  the  points/  and  5  on  the  TiHJiagram  and  by  making  g/i  = 
the  ^■olume  occupied  by  the  water  =  w  X  0.017,*  ^"d  ''-^i  =  ps  = 
(the  volume  of  U'  pounds  of  dry  saturated  vapor).  To  complete 
liic  chart,  similar  *V  lines  must  be  drawn  for  each  of  the  other 
pressures  used. 

(g)  On  this  chart  the  actual  PV-diagram  can  now  be  drawn  in 
fhe  PV-quadrant  (III)  and  from  it  the  corresponding  T0-diagram 
can  Ijc  obtained  by  simple  projection.  For  e.\amp!e,  starting 
with  the  luints  «  and  U  (at  the  pressure  p)  on  the  PV-diagram, 
pnjject  horizontally  to  the  <fV-curve. /iSi,  for  that  pressure,  and 
thence  upward  to  intersect  the  corresponding  isothermal  line  at 
Ui  and  Ui.  The  points  thus  found  are  on  the  T<(>-diagram  desired 
and  other  points  can  be  located  in  a  similar  manner.  By  passing 
cur\'es  through  the  points,  the  complete  diagram  is  obtained. 

(h)  With  superheated  steam,  this  construction  does  not  apply, 
and  in  this  case  the  procedure  would  be  that  outlined  in  (b)  of 
thi!>  section. 

(i)    If  a  Chart  for  One  Poundof  Steam  is  constructed,  it  maybe 

teeti  for  any  case  rcg;irdless  of  the  weight  (w)  of  steam  involved. 

len.  however,  the  volumes  to  be  used  on  the  chart  arc  (  — )th 

f  tlie  actual  volumes  occupied  by  the  steam  in  the  cylinder;  and 

lie  artas  represent  the  work,  or  heat,  foronlyane  pound  of  steam. 

119.   Him's  Aoaljrsis.     (a)    If  certain  data,  which  can  readily 

!  obtained]  during  ;in  engine  test  and  from  the  indicator  dia- 

ram,  arc  available,  the  numerical  values  of  the  heat  interchanges 

etwc^n  the  cylinder  walls  and  the  steam  can  be  calculated  by 

;  method  originated  by  Him  (in  1876)  and  formulated  later  by 

rcUhauven>-Dery. 

Wth  such  information  before  him,  the  engineer  can  analyze 

e  distribution  and  extent  of  the  looses  in  each  case,  and,  by 

mpaiing  these  results  with  those  obtained  with  the  best  engines, 

•Thb  b  loo  mutl  to  be  scalable,  bui  is  shown  exaggerated  in  Fig.  87. 
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he  can  determine  wherein  improvements  can  be  made  in  the 
engine  he  is  considering. 

(b)  With  the  weight  of  steam  per  cycle,  and  the  pressure  and 
quality  of  steam  known  at  any  two  points  (i  and  2)  in  the  cyde, 
the  associated  heat  (Hi  and  Ht)  present  in  the  steam  at  those 
points  can  be  computed.     Then  (Hi  —  Hz),  if  positive,  is  the 
heat  surrendered  by  the  steam  between  the  two  points;  and  if 
negative,  it  is  the  heat  the  steam  receives.     The  B.t.u.  work  (A) 
actually  done  between  points  i  and  2  of  the  cycle  is  shown  on  the 
indicator  diagram  by  the  area  below  the  cycle  line  between  those 
points  and  extending  to  the  line  of  absolute  zero  pressure.    Of 
course,  if  all  the  heat  that  is  available  is  converted  into  work, 
A  will  equal  {Hi  —  H2).     In  the  actual  case,  however,  there  is 
some  heat  interchange  between  the  cylinder  walls  and  the  steam. 
Thus,  if  A  is  less  than  {Hi  —  Hi),  the  steam  has  lost  heat  to  the 
cylinder  walls  equal  to  the  difference;  and  if  A  is  greater,  heat 
has  been  surrendered  by  the  walls  to  the  steam  and  has  beerx 
converted  into  work. 

(c)  The  data  needed  for  Hini*s  analysis  are: 

(i)  The  weight  {w/)  of  "  cylinder  feed  "  per  cycle  and  its 
quality  {x/)  as  it  enters  the  cylinder,  as  determined  by  test  of 
engine.  This  gives  means  of  computing  the  heat  H/  supplied 
by  the  entering  steam. 

(2)  The  weight  of  ''  cushion  steam  "  {wk)  per  cycle  and  its 
quality  {xk)  at  the  beginning  of  compression. 

(3)  An  average  indicator  card,  with  PV-axes,  saturation 
curve,  and  quality  curve,  as  in  Fig.  88  (a)  and  (ft). 

(4)  The  B.t.u.  equivalent  of  work  per  cycle  as  determined  from 
the  areas  AafAcfAr^Ae,  and  Ak  on  the  diagram,  Fig.  88  {c)  and  {d). 

(5)  The  heat  (A'l)  in  the  water  of  condensation,  and  the  heat 
(A'o)  carried  away  by  the  condensing  water,  supposing  a  surface 
condenser  is  used. 

The  leakage  must  be  practically  zero  and  is  considered  such  in 
this  analysis.  Account  must  also  be  taken  of  the  fact  that 
during  the  reception  of  steam  at  constant  pressure,  the  APu 
quantity  is  abstracted;  thus  throughout  expansion  and  com- 
pression the  heat  m  the  steani_is  {xp  +  g)  instead  of  {xr  +  q)  for 
saturated  steam,  and  is  (X  +  CpD  —APug)*  instead  of  X  +  CpD, 

*IIore  u<f  —  [Va  —  0.017)  =  the  increase  in  volume  accompanying  the  fonna- 
tion  of  superheated  steam  from  one  pound  of  water,  i.e.,  it  is  the  increase  of  voluine 
during  vai)orization  and  during  superheating. 
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for  superheated  steam.  This  also  is  true  of  the  steam  contained 
in  the  cylinder  at  each  point  in  the  cycle,  because  at  some  time 
before  the  point  is  reached  the  piston  has  moved  out  against 
resistance  to  make  available  the  necessar>'  volume  and  the  APu 
quantity  has  thus  been  utilized. 

(d)  During  the  first  part  of  the  cycle,  heat  (///)  is  supplied 
by  the  entering  steam  (cylinder  feed)  and  this  is  added  to  the 
heat  {Ha)  in  the  cushion  steam  at  the  end  of  compression. 

The  heat  associated  with  (**  in  ")  the  entering  **  cylinder  feed  " 
is,  in  the  case  of  saturated  steam, 

Hf  =  Wf  {xr  +  q)f (242; 

and  for  superheated  steam  is 

Hf  =  Wf  (X  +C,D)f ^243. 

Atife  (Fig.  88)  the  steam  is  assumed  to  have  100  per  cent  quah'ty, 
as  explained  in  Section  113  (b);  hence  the  weight  of  the  cushion 

Vk 
steam  is  i*;*  ~  v" »  where  Vk  is  the  absolute  volume  at  k  and  V4  is 

^he  specific  volume  for  the  pressure  at  that  point. 


h 

Ar 

"^^^c 

'dj 

'\,: 

'                     1 

The  weight  of  that  part  of  the  cylinder  content  that  i-.  in  iljr^ 
form  of  vapor  at  a  is  similarly  iCa  =  -^-.     Hence  the  quality  ai  a 

is  Xa  =  — ^and  the  heat  in  the  steam  at  this  i>oint  i- 

Ha  =  li'k  (xp  +  q)n (2\\. 

Then  at  the  end  of  admission  Cpf>int  r,  the  heat  in  \\u-  -nam  i . 

//,    =    fo/t    +  "ii'f)    (xp   -^   fj) ^2.4  5y 

in  which  Xc  is  found  from  the  quality  curve  CFi^.  HH  (h)). 


222  HEAT-POWER  ENGINEERING 

The  work  in  B.t.u.  per  cycle  actually  done  on  the  piston  during 
admission  is  Aat  as  determined  from  diagram  Fig.  88  (c);  and 
the  heat  given  up  by  the  steam  is  (H/  +  Ha)  —  He;  hence  the 
heat  interchange  during  admission  is 

La  =   {Ha  +  Hf)  -Hc-Aa.         .        .        (246) 

A  positive  result  indicates  that  heat  is  lost  to  the  cylinder  and 
a  negative  one  shows  that  the  steam  has  received  heat  from  the 
cylinder.  The  same  will  be  true  for  the  other  equations  for  heat 
interchange  that  follow. 

The  proportion  of  heat  that  is  interchanged  is  La  -^  (Ha  -}-  H/ 
—  He),  and  this  is  a  close  measure  of  the  proportion  of  steam 
that  is  condensed,  that  is,  it  is  a  measure  of  the  **  initial  conden- 
sation/* 

(e)  At  the  beginning  of  expansion  the  heat  in  steam  (at  c)  is 
He  from  Eq.  (245). 

The  heat  in  steam  at  r  is 

Hr  =   (Wk  +  Wf)  {Xp  +  3)r,       ....        (247) 

in  which  Xr  is  obtained  from  the  quality  curve  in  Fig.  88  (6). 

The  work  in  B.t.u.  actually  done  during  expansion  is  deter- 
mined from  area  Ac  on  the  diagram. 

Then  the  net  heat  transfer  from  steam  to  cylinder  wall  during 

expansion  is 

Lc  =  (He  -  Hr)  -  Ac (248) 

A  negative  result  indicates  that  the  steam  receives  heat  from  the 
cylinder  wall. 

Note  that  the  loss  between  cut-off  and  any  other  point  on  the 
exi)ansion  line  can  be  computed  in  a  similar  manner;  thus  it  is 
possible  to  determine  the  interchanges  between  cut-off  and  all 
points  throughout  exjxinsion. 

(f)  If  the  exhaust  steam  is  condensed  in  a  surface  condenser, 
the  condensate  (of  temperature  t,)  per  cycle  will  contain  heat 
alx)ve  32  degrees, 

Ki  =  w/  (te  —  32°),  or  more  accurately  =  W/qe;  .     (249) 

and  the  condensing  water  (of  weight  Wx  per  cycle,  with  initial 
teniporaiure  to  and  discharge  temperature  /d)  will  take   away 

heal, 

K2  =  u'x  (td  —  /o),  or  more  accurately,  =  w,  (qd  —  Jo).     (250). 
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Between  r  and  k,  the  steam  for  a  while  does  work,  as  shown 
by  A,  on  the  indicator  diagram;  afterwards  work  is  done  upon 
it,  as  shown  by  A,.      At  r  tlie  heat  in  the  steam  is  Ht  (from  j 
Eq.  (247)),  and  at  *  there  is  left  in  the  steam  Hk  =  w*  (p  +  q)k, 
since  xt  is  taken  as  unity. 

Hence  the  heat  Interchange  during  exhaust  is  I 

L.  =  (Ur  -  H,)  -  (X,  +  Ki)  -  {A.  -  A,).     .     (251) 
in  which  positive  and  negative  results  have  the  same  meanings  J 
as  exfJained  in  rannection  with  Eq.  (246).  ] 

(g)    If  the  steam  is  exhausted  to  the  atmosphere,  the  heat  \ 
diadtai^ed  is  indeterminate.    An  approximation  can  be  made  if 
the  mean  quality  of  the  exhaust  steam  is  known,  but  it  cannot 
be    computed    accurately    because    the    weight,    pressure,   and 
qualil)'  of  steam  are  variable  throughout  the  exhaust  period. 

(h)    During  compression  the  change  of  associated  heat  is  | 

H,  =  w*  {p  +  3)* (252)  I 

/?-  =  Wt  {xp  +  q)„ (253)    I 

The  work  actually  done  upon  the  steam  per  cycle  is  shown  ] 
by  At^.     Hence  the  heat  interchange  during  compression  Is 

U  =  //*  -  /7a  +  .4* (254} 

ia  which  the  sign  of  Lk  has  the  same  meaning  as  before. 

(i)    Ideally,  the  heat  given  to  the  cylinder  walls  should  equal 
that  given  up  by  them  to  the  steam.     Actually,  in  the  case  of  an  ' 
ordinary  engine,  the  heat  given  up  is  less  than  that  received, 
and   this  is  because  of  conduction  and  radiation.     Evidently, 
the  coodoctioi)  and  radiation  loss  in  B.t.u.  per  cycle  is 

R  =  L,  +  L,  +  L,+L,.      .     .     .         (255)   , 

(j)    II  the  steam  is  initially  superheated,  the  analysis  would 
be  rarried  through  in  a  manner  similar  to  that  just  given.     If   1 
the  engine  is  steam -jacketed   (Section  I2g),  or  is  a  compound 
engine  with  reheating  receivers  (Section  130).  account  must  be  j 
taken  of  the  heat  furnished  by  the  jacket  steam, 

120.  Experimental  DetemtinatioD  of  the  Actual  Performance  1 
of  Steam  Engines.     (&)    The  indicated  horse  power  of  an  engine   , 
be  determined  from  ihc  indicator  diagram,  if  the  diameter   | 
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of  cylinder,  length  of  stroke,  and  r.p.m.  of  the  engine  are  knowiJ 
The  delivered  horse  power  can  be  measured  by  a  Prony  brak« 
or  other  form  of  dynamometer  and  in  other  ways  which  neec 
not  be  considered  here.  The  mechanical  efficiency  of  th€ 
engine  and  power  lost  in  engine  friction  can  then  be  calculated. 
The  total  amount  of  steam  used  per  hour  may  be  determined 
by  weighing  the  water  pumped  to  the  boiler  which  supplies  the 
engine,  making  proper  allowance  for  loss  or  withdrawal  oi 
working  substance  between  the  pump  and  the  engine;  or  it 
may  be  found  by  weighing  the  condensate,  if  a  surface  conden- 
ser is  used,  and  making  correction  for  leakage.  The  weight  oi 
steam  used  per  h.p.-hr.,  or  Water  Rate,  can  then  be  obtained 
as  in  Section  io6. 

(b)  If  these  measurements  are  made  for  a  range  of  loads  on 
the  engine,  the  resulting  data  can  be  used  in  plotting  curves  ol 
Total  Consumption  of  Steam  (TC)  and  of  Rate  of  Consumptior 
(R),  as  in  Fig.  71.  These  curves  show  the  performance  of  the 
engine  under  all  conditions  of  loading,  and  determine  the  powei 
output  at  which  the  engine  operates  most  economically.  The 
curve  of  total  consumption  is  usually  nearly  straight.  If  the 
abscissas  are  d. h.p.-hr.,  the  Y-intercept  shows  the  steam  usee! 
in  overcoming  the  friction  of  the  engine  alone. 

(c)  If  two  engines  receive  steam  of  the  same  pressure  and 
quality,  their  relative  performance  is  shown  by  comparing  theii 
Water  Rates.  In  other  cases  the  only  true  measure  of  econ- 
omy is  on  the  basis  of  heat  used  per  unit  of  power,  and  in  ordei 
to  determine  the  heat  in  the  steam  as  it  enters  the  engine  the 
quality,  or  superheat,  must  be  known. 

The  quality  of  the  steam  can  be  determined  by  using  instru- 
ments which  will  be  described  in  the  next  section. 

121.  Steam  Calorimeters.*  (a)  The  apparatus  used  to  de- 
termine the  quality  of  steam  is  called  a  '*  steam  calorimeter.' 
There  are  several  kinds  of  calorimeters,  which  will  be  considered 
very  briefly. 

The  Barrel  Calorimeter. 

(b)  If  into  a  barrel  containing  water,  of  known  weight  (W, 
and  temperature  (/i),  a  sample  of  the  steam  is  piped,  and  con- 

*  For  more  detailed  discussion  see  Carpenter  and  Diederichs'.  " 
Engineering,''  published  by  John  Wiley  &  Sons. 
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densed,  and  if  the  increase  (ic)  in  weight  of  water  and  the  result- 
ing temperature  (ii)  are  measured  simultaneously,  there  are  suf- 
ficient data  for  determining  the  quality  of  the  sample  of  steam, 
provided  the  steam  pressure  is  known. 
The  heat  given  up  by  the  steam  is 

and  that  rec^ved  by  water  is 

AQ,-ir{(,-/o> 

assuming  C,  of  the  liquid  as  unity.     Evidently  ^Q\  =  AQj,  from 
which  the  quality  is  found  to  be 

X  =  »'(<*-'■)-"' (g  +  32-fe)       (256) 

Correction  should  also  be  made  for  conduction 
and  radiation  losses  in  accurate  work. 

The  Separating  Calorimeter. 
(c)  In  using  the  Separating  Calorimeter  (Fig. 
89),  a  sample  of  steam  is  first  led  to  the  sepa- 
rating chamber  C,  where  the  moisture  is  thrown 
out  and  collected  (the  amount  w  being  shown 
by  the  gauge  glass  G),  then  the  resulting  dry 
steam  passes  into  the  jacket  J  and  out  through 
the  orifice  0  to  a  can  of  water  in  which  it  is  condensed  and  its 
weight  W  determined.  Using  simultaneous  values  of  w  and  W, 
the  quality  evidently  is 

W 


Fir.  89, 


-w 


(257) 


The  Throttling  Calorimeter. 

(d)  In  this  case  a  sample  of  wet  steam  is  passsed  through  the 
device  shown  in  Fig,  90,  and  is  superheated  by  being  throttled 
through  the  valve  K  while  expanding  into  the  cup  C,  where  the 
pressure  is  low. 

This  pressure  is  usually  nearly  atmospheric  when  high-prc'ssure 
steam  is  being  sampled.  If  the  sample  of  steam  is  at  pressure 
near  or  below  that  of  the  atmosphere,  the  cup  may  be  connected 
with  a  condenser  to  obtain  a  sufficiently  low  pressure  therein. 

The  temperature  f,  of  the  superheated  steam  in  this  cup  C  is 
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measured  by  the  thermometer  T;  and  the  degrees  of  superhe 
are  found  by  subtracting  from  /,  the  saturation  temperati 
corresponding  to  the  cup  pressure  shown  by  the  manon 
The  expansion  through  the  valve  causes  the  jet  of  stea 
acquire  a  high  velocity  at  that  point,  hence  some  of  the  assoc 
heat  is  converted  into  kinetic  enci^.  In  the  cup,  the  vel 
of  steam  is  reduced  and  this  kinetic  energy  is  reconverted 
associated  heat.  If  the  velocity  in  the  cup,  where  the  tem 
ture  /,  is  measured,  is  the  same  as  that  in  the  main  steam 
(which  is  usually  approximately  true),  and  if  there  are  no  r 


Fig.  90. 

tion  or  conduction  losses  (and  these  are  usually  almost  neglig 
the  associated  heat  is  the  same  before  and  after  the  steam  p 
the  expansion  valve. 

Before  throttling,  the  amount  of  heat  per  pound  is 

AQi  =  xir,  +q,: 
afterward,  it  is 

Aft  =  Xa  +  C,  (D)  =\i+  0.48'  (/,  -  fe). 
Then  ance 

^Qi  =  AQi, 
the  qualitv  is  found  to  be 

Xi  +  0-48*(^-fe)-gi 


'For  cup  pressures  other  than  atmospheric  substitute  the  proper  v 
[or  0.48. 
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The  Electric  Calorimeter, 
(e)    In  using  Uiis  calorimeter  ihe  siimple  of  wet  steam  is  dried 
letting  it  flow  over  coils  of  wire  which  are  healed  by  an  elec- 
ic  curreni,  the  energy  input  being  measured  by  a  wattmeter. 
Us  are  gradually  increased  until  a  value  E  is  reached  at 
'hich  the  thermometer  in  the  calorimeter  outlet  starts  to  rise, 
'hith  is  supixised  to  show  that  all  moisture  has  been  dried  by 
heat  from  the  coils,  by  cx|>ending  an  amount  of  heat  airre- 
sponding  to  E.     !f  the  quantity  of  mixture  (w)  flowing  through 
ihe  calorimeter  in  a  given  time  is  weighed,  or  otherwise  deter- 
mined, ihe  heat  (A)  added  to  dry  one  jj(jund  of  the  steam  can  be 
computed  from  the  electrical  input.     Then 

-■^  =      — (259) 


The  Degrees  of  Superheat, 
(f)   This  is  determined  by  subtracting  the  saturation  tempera- 
ture, for  the  existing  pressure  (as  shown  by  a  pressure  gauge), 
I  the  actual  temperature  of  the  steam,  as  shown  by  a  ther- 
mometer pl.nced  in  the  steam. 

132.  Weight    of    Steam    Accounted    for    by    the    Indicator 

IMagram.  (a)  Not  only  is  it  possible  to  draw  a  theoretical  PV- 
diagram  for  a  given  weight  of  steam  per  cycle,  as  has  already 
«n  done,  but  obviously,  if  a  diagram  is  given  and  the  scale  of 
olumes  is  known,  it  is  possible  to  determine  the  theoretical 
Kight  of  steam  that  the  given  cycle  would  use.  This  not  only 
ipplirs  lo  theoretical  diagrams,  but  also  to  actual  ones.  The 
lllfuretical  weight  of  dry  sieqm  per  acftia!  cycle  can  Ije  found  in 
rtly  the  same  way  as  for  the  theoretical  cycle.  The  ratio  of 
called  the  "Steam  Accounted  for  by  the  Diagram," 
■  Indicated  Steam  Consumption,"  or  "  Diagram  Steam,"  10  the 
ictually  used  by  the  engines  is  useful  in  showing  the  per- 
■ction  of  performance  within  an  engine  cylinder.  This  ratio  can 
S  easily  obtained,  and  the  difference  between  the  weight  n!  dry 
cam  actually  used  and  the  theoretical  is  the  amount  liquefied 
f  O'linder  condensation. 

in  i!i€!  actual  caee  it  is  convenient  to  considw  the  working  sub- 
c  within  the  cylinder  as  a  mixture  of  dry  steam  and  water. 
c  indicator  diagram  shows  ihe  behavior  of  (he  vapor  only. 
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(b)   Suppose  the  clearance  line  and  zero-pressure  line,  that  is, 
the  PV-axes,  have  been  drawn  on  an  actual  diagram,  Fig.  91. 

Then  let  V,  be  the  volume  as  scaled 
to  some  point  z  on  the  expansion 
line,  between  cut-off  and  release* 
and  let  V,  be  the  specific  volume  at 
the  corresponding  pressure.  Then 
*€  the  total  indicated  weight  of  dry 
y-    vapor  in  the  cylinder  at  that  time  is 


—  I — 

Vi^.  Qi. 


V, 


(260) 


Similarly,  at  any  point  k  on  the  compression  line  the  weight  of 
dry  *'  cushion  **  steam  is 


Wk  = 


V,' 


(261) 


in  wliich  W  is  the  actual  volume  as  scaled  to  point  k  and  V*  is 
the  s|KTific  volume  for  that  pressure. 

Subtracting  the  cushion  steam  from  the  total  in  the  cylinder 
gives  the  indicated  cylinder  feed  (u*/)  per  cycle;  thus 


V       Vu 


(262) 


As  the  quality  changes  during  ex|>ansion  and  compression,  the 
value  of  iv/  will  depend  on  the  locations  of  points  z  and  k.  It 
is  rustoniiiry  to  take  z  either  near  the  beginning  or  near  the  end 
i>f  exixinsion.  and  k  is  usually  assumed  near  the  beginning  of 
compression. 

(c)    Now  let  w  =  clearance  volume  -7-  piston  displacement  per 

stroke  =  7  in  Fig.  91 

y,  =  fraction  of  stroke  completed  corresponding 

to  any  point  on  the  diagram f-jj* 

a  =  area  of  piston  in  square  inches. 

/)„  =  m.e.p. 

L  =  stroke  in  feet, 

w  =  numl)er  of  cycles  per  minute. 


Then  the  piston  displacement  in  cubic  feet  per  stroke  isf- 


^,  ^oL  (yz_+yc  ___  yk  +yc 
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and  the  volume  of  vapor  when  any  fraction  y^  of  the  stroke  is 
completed  is 

^•  =  (3'.+y.)x(^)- 

Substituting  this  and  a  similar  value  for  the  volume  Vk  in 
Elq.  (262)  gives  for  the  number  of  pounds  of  Indicated  Cylinder 
Feed,  per  cycle, 

-  (^^.  _  a^.y    .         ,,,,, 

Multiplying  this  by  (60  X  n)  cycles  per  hour  and  dividing  by 

I— J,  gives  the  number  of  pounds  of  steam  per  i.h.p.-hr., 

or  **  Diagram  Water  Rate,"  as 

If  points  z  and  k  are  taken  at  the  same  pressure  level,  p,  then 
V.  =  Vt  =  Vp  and 

"'"  =  ^Jtx^  ^  ^^'  '^  ^'^  ~  ^^*  +  y^)  i  =  ^7^^  (y'  -  3-*)-  (265) 

If  the  pressure  is  taken  as  that  at  the  end  of  compression, 
then  yk  =  o  and 

^-  =  ^^><^ (^^^ 

(d)  If  W  =  Xi  X  cylinder  feed,  represents  the  dry  steam 
actually  supplied  per  i.h.p.-hr.  and  Wd  is  the  indicated  water 
rate  corresponding  to  the  point  z  located  at  the  cut-off,  the 
**  Cylinder  Condensation,"  or  weight  of  steam  condensed  by 
the  cylinder  walls  and  that  lost  by  leakage,  is  approximately 
( ir  —  Wd)  per  i.h.p.-hr.;  and  the  proportion  of  the  whole  that  is 
condensed,  or  ''Condensation  Fraction,"  is 

CF=  (W-  Wd)-^  W (267) 

If  the  Condensation  Fraction,  or  "  Per  cent  Cylinder  Con- 
densation," is  known  for  a  certain  type  of  engine  under  certain 
operating  conditions,  then,  in  considering  a  prospective  engine 
of  this  class,  the  probable  water  rate  under  the  same  conditions 
can  be  estimated  by  dividing  the  theoretical  diagram  water  rate, 
found  from  the  probable  diagram,  by  (1  —  CF), 


CHAPTER   XVI. 

METHODS  OF  DECREASING  CYLINDER  CONDENSATION. 

123.  Condensation  and  Leakage,  (a)  It  has  already  been 
shown  that  the  cylinder  condensation  causes  the  largest  loss  in 
the  steam  engine,  with  the  exception  of  that  inherent  in  the 
theoretical  cycle.  Condensation  is  evidently  dependent  on, 
but  not  necessarily  proportional  to,  (i)  the  ratio  between  the 
condensing  surface  (5),  to  which  the  steam  is  exposed,  and  the 
volume  of  steam  used  per  cycle;  (2)  the  temperature  differ- 
ence (T)  between  the  entering  steam  and  the  surfaces;  and  (3) 
the  time  (/)  of  exposure,  which  is  inversely  proportional  to  the 

number  (n)  of  cycles  (i.e.,  to  -).'    For  computing  the  probable 

steam   consumption    many   formulas   have   been   proposed   in- 

1 
volving   functions  of   5,  T,  /,   or  - ,  and  numerical  coefficients 

determined  from  experimental  data.  Such  formulas  are  suffi- 
ciently accurate  for  ordinary  purposes,  when  there  is  no  leakage 
past  piston  and  valves.* 

(b)  Unfortunately,  while  it  is  possible  to  determine  experi- 
mentally whether  or  not  leakage  does  occur,  the  amount  of 
leakage  per  cycle  cannot  be  closely  evaluated ;  thus  it  is  impossible 
to  separate  the  loss  due  to  leakage  from  that  due  to  condensa- 
tion. Hence  cylinder  condensation  and  leakage  must  be  con- 
sidered together. 

Formulas  for  cylinder  condensation  should  be  derived  from 
a  study  of  data  from  engines  that  are  known  to  have  little  or  no 
leakage.  Unfortunately,  most  of  the  data  available  are  from 
engines  which  were  not  tested  for  tightness  of  valves  and  pistons 
and  hence  are  unsuitable  for  the  purpose. 

i;24.  Size  and  Proportions  of  Cylinder,  (a)  The  size  of 
cylinder  has  an  important  influence  on  the  cylinder  condensa- 
tion.    It  can  be  shown   by  computation  that  large  cylinders 

*  For  formulas  and  data  see  Heck's  '^  Steam  Engine,'*  and  Thurston's  ^Manual 
of  the  Steam  Engine." 
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-urfai  e  of   the  rvlinder  wall,  on  ii.-  v..:-.    ■■     •• •..;  .  ..*    •   -w. 
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EkfTZtUM:  of  the  high  \^elocit\-  of  flow.  tUs  steun  cmicB  amf 
heat  more  lapidh-  than  vould  stagnant  air  in  *'*M»t<ii  with  tk 
sanv:  «ixrfaoe.  This  lowers  the  mean  tcmperatme  of  the  cyEnder 
vair^i  and  increases  the  cylinder  condensatioii.  In  the  better 
(Us^^ned  engines  the  exhaust  steam  is  noc  brought  in  coatMt 
frith  the  c>iinder  walk  after  it  leaves  the  ^^^^^iwt  valve. 

125.  Inflnence  of  Point  of  Cut-off.    (a)  As  most  of  tk 
r>'tinder  condensation  occurs  in  the  dearanoe  space,  the  hter 

^  the  cut-off  (or  the  greater  the  vd- 
uroe  of  steam  admitted  per  cyde), 
the  less  will  be  the  penemtage  of 
steam  condensed*  although  the 
amount  may  be  greater,    (i)  The 

\  ,  percenta^  of  steam  not  OMidcnscd 

*    "*  *   *alir**  *  *        isshowTi  in  Fig.  92  (a),* by  the or- 

*  ■  dinates.  the  abscissas  being  percent* 

^^<Sf^         age  of  stroke  at  ppt-off.    (2)  The 

(b)     work  theoretically  done  per  pound 

of  steam  decreases  as  the  cut-off  is 

\oL^  *  "*"      advanced  in  the  stroll  (because  of 

the  reduction  of  expansion),  hence 
the  theoretical  steam  consumptioa 
per  unit  of  work  is  greater  the  later 
the  cut-off  occurs,  as  shown  by  the 
ordinates  of  the  curve  in  Fig.  92  (i). 
10  M   30  M   so  fo   »        (3)  Ex-idently,  dividing  the  tbeo- 


r  §  » 


'I  .• 

s 
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^^*^^  relical  water  rate  per  h.p.-hr.,  Fig. 

^'*>'-  9^-  92  (b)y  by  the  percentage  of  steam 

not  condensed,  Fig.  92  (a),  will  give  the  true  consumption  at  the 
various  cut-offs.  The  values  of  the  actual  "  water  rate,"  ob- 
tained in  this  way,  arc  shown  by  the  lower  curve  in  Fig.  92  (c). 

Similar  '*  water-rate "  curves  can  be  drawn  by  using  data 
obtained  by  direct  engine  test,  in  which  the  water  per  i.h.p.-lir. 
is  measured  with  engine  operating  under  different  loads  (Le^ 
diflferent  cut-offs).  Usually  the  water  rates  are  plotted  with 
respect  to  power  output  instead  of  cut>offs. 

(h)    Inspection  of  the  water-rate  curve  makes  it  evident  that, 

*This  is  for  large  four- valve  engines  having  little  leakage.     See  " 
Tests/'  by  G.  H.  Barms. 
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to  give  the  best  economy,  the  engine  should  be  operated  with  cut-ojff 
zorresponding  to  the  lowest  point  on  this  curve. 

The  most  economical  cut-off  for  noncondensing  simple  slide- 
valve  engines  is  about  \  stroke,  and  for  simple  Corliss  engines 
it  is  between  i  and  \  stroke.  In  practice  these  are  the  cut-offs 
which  predominate. 

(c)  Usually  the  **  water-rate  curve  "  is  more  nearly  horizontal 
to  the  right  of  the  lowest  point  than  it  is  to  the  left  (as  in  Fig.  92), 
hence  it  is  better  to  "  overload  "  an  engine  than  to  **  underload  "  it, 

126.  Compounding  of  Cylinders,  (a)  By  using  earlier  cut-off 
the  amount  of  steam  used  per  h.p.-hr.  is  reduced  theoretically 
because  of  the  greater  expansion  of  the  steam.  But  it  was  seen 
in  the  case  of  the  simple  engine  that  cylinder  condensation 
becomes  excessive  with  very  early  cut-offs  because  of  the  greater 
temperature  range  and  thus  defeats  the  advantage  which  should 
be  gained  theoretically.  Therefore,  to  economically  use  larger 
expansions  than  are  possible  with  the  ordinary  simple  engine, 
the  cylinder  condensation  must  be  reduced  in  some  way.  It 
was  shown  in  Section  123  that  cylinder  condensation  can  be 
reduced  by  decreasing  the  surface  (especially  that  of  the  clear- 
ance space)  to  which  the  high  temperature  steam  is  exposed  and 
by  reducing  the  temperature  range  in  the  cylinder.  Both  of 
these  methods  can  be  combined  in  the  following  manner. 

(b)  Suppose  a  small  amount  of  steam  is  admitted  to  a  small 
cylinder  (say  with  J  the  piston  area  of  the  simple  engine)  and 
that  it  is  expanded  only  enough  to 
bring  the  temperature  Tr  (Fig.  93) 
of  the  exhaust  steam  part  way  to 
that  of  the  simple-engine  exhaust 
(say  Tr  is  halfway  between  Ti  and 
To  on  the  temperature  scale).  Let 
the  indicator  diagram  labelled  H.P. 
in  Fig.  93  represent  this  cycle.  Then, 
owing  to  the  smaller  cylinder  surface 
(esi)ecially   that    in   the   clearance),  Fi«.  93. 

there  is  ver>'  much  less  initial  and 

cvlinder  condensation  in  this  case  than  if  the  same  weight  of 
steam  had  been  expanded  the  same  amount  in  the  cylinder  of 
the  large  simple  engine. 


— Ti 
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Now  let  the  steam  exhausted  from  the  small  cylinder  enter  one 
of  the  same  size  as  that  of  the  simple  engine,  and  let  it  be  further 
expanded  in  this  cylinder  until  the  back  pressure  of  the  simple 
engine  is  reached.  The  indicated  diagram  for  this  case  is  shown 
by  L.P.  in  Fig.  93,  During  this  expansion  the  temperature  range 
{Tr  to  Tj)  is  low,  hence  cylinder  condensation  is  also  small  here. 

(c)  It  is  evident  that  an  engine  operating  in  this  manner  will 
use  much  less  steam  per  h.p.-hr.  than  will  a  simple  engine; 
roughly,  it  uses  only  about  §  to  J  as  much.  The  best  economy 
with  the  simple  engine  is  obtained  when  the  steam  is  expanded 
in  the  cylinder  to  four  or  five  times  its  initial  volume.  In  an 
arrangement  such  as  has  just  been  described,  the  expansion 
gi\ing  the  best  results  is  from  7  to  16  or  more,  depending  upon 
the  conditions  of  operation. 

(d)  When  an  engine  with  two  c>iinders  is  arranged  to  operate 
in  the  manner  just  discussed,  it  is  called  a  *^  Compound  Engine  " 
or  **  2X  Engine.'*  The  small  cylinder  is  named  the  "  high- 
pressure  {11. P,)  cylinder  "  and  the  large  one  is  the  "  low-pressure 
{L.P.)  cyliftderr 

Other  engines  are  arranged  to  expand  the  steam  in  three  steps, 
or  stages,  using  in  succession  three  cylinders  that  progress  in 
size.  These  are  called  Triple -Expansion  Engines  (*'  3X  '*),  and 
the  cylinders  are  termed  respectively  the  *'  high- pressure,'' 
*'  ijitcrmediate-pressure  {LP.)''  and  the  ''low-pressure.''  Triple- 
expansion  engines  use  considerably  less  steam  per  i. h.p.-hr. 
than  do  the  compound  engines. 

In  the  Quadruple-Expansion  Engine  ("4X").  four  cylinders 
are  used  in  succession.  They  are  termed  the  H.P.  cylinder,  the 
*\first  intermediate  (I. Pi.),  the  second  intermediate  (I.Pj.),  and  the 
L.P.  cylinder.  Quintuple  engines  have  been  made,  but  their 
nunilKT  is  ver\'  small. 

Strictly  speaking,  the  term  "  Compound  Engine"  includes  all 
multiple -expansion  steam  engines,  but  it  has  become  customary 
to  apply  it  only  to  those  with  two  cylinders. 

Multi[)le-expansion  engines  will  be  discussed  more  in  detail  in 
a  hilcr  chapter. 

A  comparison  of  the  [performance  of  simple,  compound,  and 
triple  engines  operating  under  the  same  conditions  is  shown  *  in 

*  Stv  rci)orl  of  test,  Carpenter,  Trans.  A.  S.  M.  E.,  Vol.  XVl.  Also  Thurston, 
A.  S.  M.  E.,  XVIII. 
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Fig.  94.  The  triple-expansion  Corliss  engine  in  the  laboratories 
of  Sibley  College  was  tested  with  high-pressure  cylinder  operat- 
ing alone  as  a  simple  engine,  then  with  the  high  and  intermediate 
cylinders  acting  as  a  compound  engine,  and  finally  with  all  three 
cylinders  as  a  triple-expansion  engine.     The  results  are  shown  in 


••SIBLEY" 
CORLISS  ENGINE 
9ri6r24'x36*' 

INITIAL  PRES.  135  LBS.  AB3. 
VACUUM  10.8  LBS.  AB3. 
WITHOUT  JACKETS. 


15  30  25 

Ratio  of  Kxpansion 

Fig.  94. 


this  figure.  Larger  engines  and  those  with  jacketing,  super- 
heating, etc.,  would  give  better  results,  but  this  figure  shows  the 
relative  value  of  using  the  diflferent  expansions. 

(e)  Him's  Analysis  can  be  applied  to  the  multiple-expansion 
engine,  each  cylinder  being  considered  independently.  The  data 
needed  for  such  an  analysis  (in  addition  to  those  required  in  tlie 
case  of  a  simple  engine)  include  the  quality  and  pressure  of  the 
steam  entering  and  leaving  each  cylinder,  the  weight  of  con- 
densate "trapped  off"  from  each  receiver  and  the  weight  and 
condition  of  the  steam  condensed  in  the  reheating  coils  of  the 
receiver,  if  such  are  used.  It  is  then  possible  to  compute  the  heat 
in  the  steam  entering  and  leaving  each  cylinder  and  each  receiver. 
Thus  iK'sides  teing  able  to  analyze  tlie  heat  interchanges  and 
losst^s  of  each  cylinder  considered  separately,  the  siime  thing 
can  also  be  done  for  each  receiver,  and  for  the  engine  as  a  whole. 

127.  Gain  Due  to  Condensing  the  Exhaust  Steam.  If  an 
engine  when  operating  "  noncondensing  "  (i.e.,  exhaus  ing  to  the 
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atmosphere)  gives  the  indicator  diagram  shown  by  the  full  lines 
in  Fig.  95,  with  mean  effective  pressure  equal  to  /Wt  then,  if  the 
back  pressure  line  is  lowered  (as  shown  dotted)  an  amount  equal 

to  pk  pounds,  the  area  of  the  indicator  dia* 

gram  will  be  increased  as  shown,  the  mean 

N.  effective   pressure  will    be   raised  to  pwA  =* 

^"^     (pm  +  pk),  and  the  ratio  of  the  power  of  the 

\    engine  to  its  value  when  operating  non^ccm- 

1    densing  will   be   (/>„,  +  pk)  -5-  />«.     Theoreti- 

^  cally,  however,  there  will  be  no  change  in 

Y'^^'  95-  the  amount  of  steam  required   nor   in  the 

quantity  of  heat  it  brings  to  the  engine. 
By  condensing  the  exhaust  steam  in  a  **  condenser  "  (which, 
being  supplied  constantly  with  cold  water,  acts  as  a  "  cold 
body  "  in  maintaining  a  low  temperature),  the  pressure  of  the 
exhaust  steam  can  be  reduced,  —  and  its  value  will  be  that 
corresponding  to  the  condenser  temperature.  The  reduction 
in  pressure  below  atmospheric  may  be  from  10  to  14  pounds,  fx 
even  more. 

E\'idently,  in  developing  the  same  power,  a  "  condensing 
engine  "  would  be  much  smaller  than  one  operating  noncondens- 
ing,  other  things  being  equal.  However,  owing  to  the  additional 
cost,  oiDerating  expense,  increased  cylinder  condensation,  and 
attention  involved  with  a  condensing  outfit,-  it  is  seldom  used 
with  simple  engines.  Multiple-expansion  engines,  however,  are 
more  commonly  operated  condensing  than  not. 

128.  Effect  of  Superheated  Steam,  (a)  The  cooling  of  the 
cylinder  walls  during  exhaust  is  largely  due  to  their  surrender  of 
the  heat  used  in  evaporating  the  moisture  on  their  surfaces.  As 
the  latent  heat  of  vaporization  corresponding  to  the  exhaust  pres- 
sure is  very  large,  roughly  1000  B.t.u.  per  pound,  the  evaporation 
of  a  small  amount  of  water  results  in  a  very  considerable  reduc- 
tion of  the  mean  temperature  of  the  cylinder  walls  and  conse- 
quently in  an  increase  in  the  cylinder  condensation  when  the 
steam  is  admitted. 

When  superheated  steam  is  used  there  is  less  moisture  in  the 
exhaust  steam,  and  partly  because  of  this,  partly  because  of  the 
slow  rate  of  heat  transfer  between  superheated  steam  and  metal, 
and  partly  because  the  incoming  superheated  steam  can  give 
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up  heat  without  condensing,  the  cylinder  condensation  is  reduced, 
and  ihe  economy  of  the  engine  is  improved.  Thus  by  sacri- 
iicing  superheat  to  heat  ihe  cylinder  walls,  less  heat  is  required 
at  the  boiler  for  evaporating  the  water  and  for  superheating 
the  steam  used.  It  is  even  possible  to  superheat  sufficiently 
high  to  prevent  all  initial  condensation.  In  general,  however, 
it  seems  probable  that  superheat  should  not  be  so  high  that  the 
exhaust  steam  is  superheated:  although  there  is  some  doubt  as 
to  this,  for  one  engine  test  showed  betrer  results  with  exhaust 
slightly  superheated  than  when  just  dry.*  1 

!n  experimenis  by  Ripperf  on  a  small  steam  engine,  it  was 
found  that  7}°  F.  of  superheat  would  prevent  one  per  cent  of 
cylinder  condensation.  The  specific  heat  of  superheated  steam 
under  ihe  Icsl  conditions  is  about  0.53,  hence  the  B.t.u,  used 
in  preventing  one  per  cent  of  condensation  was  (yj  X  0.53)  =  4,0 
I>cr  pound  of  steam.  For  larger  engines  and  other  conditions 
from  15*"  to  25°  F.  and  from  8  B.t.u.  to  12  B.t.u.  per  pound  are 
Used  per  pi;rcent  of  saving  of  condensation.^ 

(b)  The  saving  effected  by  superheating  can  best  be  shown 
b>-  an  example: 

Let  ihe  pressure  of  steam  used  by  an  engine  be  133  pounds 
absolute,  for  which  the  latent  heat  is  870  B.t.u.  Then,  if  it  is 
assumed  that  8  B.t.u.  superheat  will  effect  a  reduction  of  one 
per  cent  in  ihe  cylinder  condensation,  it  will  save  (870  X  0.01) 
=  8.7  B.t.u.  that  would  otherwise  be  wasted  by  cylinder  con- 
clcnsiition;  thus  the  saving  is  t.09  times  the  expenditure. 

If  the  cylinder  condensation  is  30  per  cent,  it  could  be  entirely 
eliminated  if  {8  X  30)  =  240  B.t.u.  superheat  were  added  per 
pound  of  steam.  Using  0.52  as  the  specific  heat  of  superheat, 
the  leraiierature  increase  would  be  240-5-0.52  =  461°  F.  to 
tflect  this  result.  (Note  that  this  is  a  much  higher  degree  of 
superheat  than  is  commonly  employed.) 

Ae^umc  that  the  boilfcr  furnishes  1000  B.t.u.  of  heal  for  each 
pound  of  filram  generated  and  that  30  pounds  of  steam  (or 
30.000  B.t.u.)  are  furnished  per  i.h.p.-hr.  Tlien,  since  the 
iHiitned  condensation  is  30  per  cent,  the  diagram  water  rate  is 

•CwpcntCT.  Trans.  A.  S.  M.  E..  Vol.  XXVin. 

tSupahraud  Sloun  Engine  TriiiU.  Troc.  Inst.  C.  E.  (London).  Vol.  CXXVUI. 
{For data  sod  refcrtnccB  »ee  Kent's  "  Pocket  Book  "  and  liebhatdi's  '"Steam 
if  Plant  Eogineeriiig,"  Iwrh  published  hy  Wiley  Si  Sons. 
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.r^  -■':/'.'---  -'•  -'^•^  '^<^-  --y--  l..:^  example  is  intended 
f.'..\  '  .  -r. va  :'  i  '.rr;."  ^"rnera.  way  the  erfect  of  superheat. 
Th-  r.urr.r-r:-  cil  f^sirrrir^  r  r  -.-.her  ca>e<  rri^y  be  ver\-  different 

c  The  -dvir.^'  :••  U-  expecred  by  superheating  is  dependent 
M^z-.T.  -he  an^ount  of  cylirder  cor.densa:i.  »r.  that  would  occur  in 
:h-  -;:rr.e  er.^-ir.e  it  no  superheat  is  used.  Exidently  the  greater 
thi-  '  or.den^arion.  the  lar^t-r  is  the  si\inc  possible.  Ordinarily 
the  -'r:±m  ^.on.-umpiion  i-  reduced  ab«jut  6  per  cent  with  so°  F. 
and  ,tUiUt  9  per  cent  with  i«x>"  F.  superheat.  A  reduction  of 
15  ;t T  rent  '\<  frequent  and  as  much  as  40  per  cent  has  been 
atr.ii:><l. 

d  It  is  found  that  with  high  temperatures  of  superheat 
th»T'*  i-  dimculty  from  warping  of  cylinder  and  valves  and  from 
f.iilijrt;  '»f  lubricants  unlc^>  ihey  are  of  the  highest  grade.  A 
K.tdl  temperature  of  500"  F.  is  alxjut  as  high  as  can  be  used  to 
ad\\inrct«:e  in  ordinary  steam  t-ngines.  Cylinders  and  valves  for 
hi^hi-r  temperatures  >hould  l)e  specially  designed  for  the  service. 
Al)"\r  750"  F.  there  is  diiriculty  in  finding  materials  that  will 
L^ndurr  ihe  tL-miK-raturu  fi»r  long  periods  of  time. 

129.   Use    of    Steam    Jackets.     'H)   Some    cylinders    are  so 

dcsiyincd  *is  to  be  >urrounded  by  "live"  steam  (usually  at 
hii:h  cuul  constant  temjK-raturc!.  Such  cylinders  are  said  to 
hv  >toam-jackcied."  Their  walls  are  maintained  at  higher 
mian  U'ni|)cTature  and  have  less  temperature  fluctuation  than 
in  tlio  ordinary  cylinder,  consequently  there  is  less  cylinder 
condonsaiion.  The  heat  received  by  the  cylinder  wall  from 
the  "  jacket  steam  "  is  the  latent  heat  freed  by  the  condensa- 
tion of  a  portion  of  this  steam.  If  the  jacket  steam  is  at  the 
same  temi)erature  as  the  steam  entering  the  cylinder,  the  mean 
temperature  of  the  walls  will  Ix;  but  little  below  that  of  the 
entering  steam,  hence  the  condensation  will  be  small. 
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At  first  it  may  appear  that  the  weight  of  cylinder  condensa- 
tion thus  avoided  cannot  be  more  than  the  steam  simultaneously 
condensed  in  the  jacket,  in  cases  where  the  condition  of  the 
6tcani  entering  both  the  cylinder  and  the  jacket  is  llie  same. 
Bfcauso  uf  this,  and  because  the  jacket  has  radiating  surface 
which  is  larger,  and  which  is  maintained  at  a  higher  mean 
trmperature.  than  in  the  case  of  the  ordinary'  cylinder,  it  would 
seem  that  no  advantage  is  possible  from  the  use  of  a  steam 
)acket. 

(b)   That  the  steam  jacket  is  beneficial  is  largely  due  to  the 

laci  ihai,  with  its  use.  the  amount  of  moisture  evaporated  from 

tbe  inner  walls  of  the  cylinder  during  exhaust  is  greatly  reduced, 

thus  less  heat  is  abstracted  from  these  walls  by  the  exhaust 

Steam  and  less  steam  is  used  in  the  cylinder.     It  has  been  seen 

that  one  pound  of  moisture  evaporated  from  the  cylinder  walls 

irries  away  roughly  1000  B.t.u.  from  which  there  is  no  return, 

]  the  case  of  the  jacket,  however,  the  condensate  formed  in 

le  jacket  can  be  returned  directly  to  the  boiler,  and,  as  it  is  at 

oiler  pressure  and  temperature,  it  will  carry  back  from  250  to 

JO   B.t.u.   per  pound.     Thus   the  net  result  with  the  steam 

icket  may  be  a  gain  in  economy. 

In  considering  the  performance  of  a  jacketed  engine  the  heat 
ipplied  to  the  jacket  steam  must  be  considered  and  the  water 
He  must  be  modified  accordingly.  If  the  weight  of  steam 
indented  in  the  jacket  per  h.p,-hr.  is  W,,  the  heat  used  per 
.p.-hr.  by  the  jacket  is  W^r^;  and  if  (A^i  —  ffa)  is  the  heat 
idcd  yiKT  pound  of  steam  supplied  to  the  cylinder,  then  the 
lie  water  rate,  suppo^ng  the  jacket  condensate  is  returned 
}  the  boiler  without  loss  of  heat,  is 


IK  =  IF,  + 


Wfl 


(268) 


I  {^Q,  -  <ft)  r  ■ 

which  W,  is  the  weight  of  steam  delivered  to  the  cylinder 
•r  h.p.-hr. 

{c)  As  most  of  the  cylinder  condensation  occurs  in  the  clcar- 
icc  spacv,  this  is  the  most  important  part  of  the  cylinder  to 
cket.  It  is  usually  only  on  large  engines,  however,  that  the 
■Under  he:ids  ;ire  jacketed,  in  addition  to  the  cylindrical  walls, 
would  be  desirable  to  jacket  the  piston,  that  is.  fill  it  with 
iteam.  but  practical  difficulties  prevent  this.     As  there  is  prob- 
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At  first  it  may  appear  that  the  weight  of  cylinder  condensa- 
tion thus  avoided  cannot  be  more  than  the  steam  simultaneously 
condensed  in  the  jacket,  in  cases  where  the  condition  of  the 
steam  entering  both  the  cylinder  and  the  jacket  is  the  same. 
Because  of  this,  and  because  the  jacket  has  radiating  surface 
which  is  larger,  and  which  is  maintained  at  a  higher  mean 
temperature,  than  in  the  case  of  the  ordinary  cylinder,  it  would 
seem  that  no  advantage  is  possible  from  the  use  of  a  steam 
jacket. 

(b)  That  the  steam  jacket  is  beneficial  is  largely  due  to  the 
fact  that,  with  its  use,  the  amount  of  moisture  evaporated  from 
the  inner  walls  of  the  cylinder  during  exhaust  is  greatly  reduced, 
thus  less  heat  is  abstracted  from  these  walls  by  the  exhaust 
steam  and  less  steam  is  used  in  the  cylinder.  It  has  been  seen 
that  one  pound  of  moisture  evaporated  from  the  cylinder  walls 
carries  away  roughly  1000  B.t.u.  from  which  there  is  no  return. 
In  the  case  of  the  jacket,  however,  the  condensate  formed  in 
the  jacket  can  be  returned  directly  to  the  boiler,  and,  as  it  is  at 
boiler  pressure  and  temperature,  it  will  carry  back  from  250  to 
300  B.t.u.  per  pound.  Thus  the  net  result  with  the  steam 
jacket  may  be  a  gain  in  economy. 

In  considering  the  performance  of  a  jacketed  engine  the  heat 
supplied  to  the  jacket  steam  must  be  considered  and  the  water 
rate  must  be  modified  accordingly.  If  the  weight  of  steam 
condensed  in  the  jacket  per  h.p.-hr.  is  IF,,  the  heat  used  per 
h.p.-hr.  by  the  jacket  is  W^yr,;  and  if  {AQi  —  ^2)  is  the  heat 
added  per  pound  of  steam  supplied  to  the  cylinder,  then  the 
true  water  rate,  supposing  the  jacket  condensate  is  returned 
to  the  boiler  without  loss  of  heat,  is 

"^=''^'+ 1(^1^1 ('"'^ 

in  which  Wc  is  the  weight  of  steam  delivered  to  the  cylinder 
per  h.p.-hr. 

(c)  As  most  of  the  cylinder  condensation  occurs  in  the  clear- 
ance space,  this  is  the  most  important  part  of  the  cylinder  to 
jacket.  It  is  usually  only  on  large  engines,  however,  that  the 
cylinder  heads  are  jacketed,  in  addition  to  the  cylindrical  walls. 
It  would  be  desirable  to  jacket  the  piston,  that  is,  fill  it  with 
steam,  but  practical  difficulties  prevent  this.     As  there  is  prob- 
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(b)  It  is  of  course  evident  that  the  higher  the  rotative  speed, 
or  the  greater  the  frequency  of  cycles),  the  less  will  be  the 
rylinder  condensation,  because  the  entering  steam  is  exposed  a 
ihorter  time  to  the  cylinder  walls.  For  example  the  high-speed 
Corliss  engines  use  less  steam  than  the  low-speed  engines  of 
:hat  type,  under  the  same  conditions.  There  are  practical  con- 
siderations, however,  which  place  limits  on  the  speeds  of  rotation 
that  can  be  used. 

(c)  It  has  been  seen  that  theoretically  the  larger  the  temperature 
range  in  the  cylinder,  the  greater  is  the  cycle  efficiency.  In  the 
ictual  engine  these  greater  temperature  ranges  may  be  obtained 
by  using  higher  pressures,  and  it  has  been  shown  by  experi- 
ments* that,  within  limits,  there  is  an  increase  in  economy 
accompanying  their  use,  even  though  the  cylinder  condensation 
is  also  increased  somewhat. 

The  gauge  pressures  (lbs.  sq.  in.)  usual  in  practice  are  about 
as  follows: 

Usual  Gauge  Pressures.    Table  IV. 

Simple  engines 80  to  125 

Compound  high-speed  engines  ....  100  to  170 

Compound  low-speed  engines   .  125  to  200 

Triple-  and  quadruple-expansion  engines  .  125  to  225 

(d)  It  has  already  been  shown  that  the  heat  economy  of  the 
steam  engine  can  be  improved  by  approximating  the  Regenera- 
tive cycle  (Section  109).  It  can  also  be  bettered  by  selecting  the 
pro[>er  compression  and  the  best  pressure  drop  at  release,  and 
by  reduction  of  wire-drawing  through  the  throttle  valve,  the 
admission  and  exhaust  valves,  and  the  cylinder  passages.  In 
^jme  casc^,  however,  the  throttling  of  the  steam  has  been  bene- 
kial,  probably  because  the  steam  at  the  reduced  pressure  is 
>uperheatc*d  a  little  by  the  process. 

(e)  By  the  use  of  a  Binary  Engine  it  is  possible  to  use  some 
)f  the  heat  in  the  exhaust  steam  to  vaporize  a  second  and  more 
,'olatile  fluid  (such  as  sulphur  dioxide)  and  to  use  the  resulting 
'afX)r  in  another  cylinder  from  which  it  is  exhausted  to  a  con- 
lenser.     In  this  way  a  considerable  increase  in  power  can  be 

* (iebhardt's  "Steam  Power  Plant  Engineering,"  p.  286,  published  by  John 
V'ilcy  &  Sons. 


Fig.  97, 


on  and  Types  of  Steam  Engines,     (a)  Owing 

ty  of  designs  and  to  the  diversity  of  uses  lu 
les  are  put.  il  is  impossible  to  give  any  one 
would  be  satisfactory  in  all  cases.  The  usual 
of  stationary  engines  are  often  classified  in 
igh-speL'd,"  "nK-diiim-spectl,"  and  "low-speed" 
!ed  "  i:s  meant  the  rotative  speed,  when  used 

Engines  arc  those  whieh  have  high  rotative 
d  by  strolvcs  which  are  very  short  when  com- 
leter  of  the  cylinder,  the  piston  speed  being 
leighborhoixi  of  6oo  feet  per  minute.*  The 
1 "  is  the  tiumlier  of  tect  the  [ifston  travels  per  minute. 
in  feet  and  ii  is  ihe  r.|i.m..  ilic  piston  speed  is  V—  3  Lb, 
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obtained  with  the  same  amount  of  heat  furnished,  but  at  atta 
expense  for  equipment,  attrition,  etc.* 

(f)  If  the  arrangement  of  engine  is  such  that  as  the  {MSton 
mo^es  it  uncovers  new  portions  of  the  c>'linder  wall  which  are 
at  temperatures  equal  to  that  which  the  steam  has  reached  by 
its  expansion,  the  condensation  will  be  less  than  in  the  usual  case, 
in  which  the  steam  is  brought  in  contact  with  walls  the  whtrfe 
of  which  have  been  exposed,  during  a  considerable  period  of 
time,  to  the  temperature  of  the  exhaust  steam.     Fig.  96  shows 


Fig.  96.  —  Unidirectioaal-Flow  Engine. 


a  diagram  of  the  "  Uoaflow,"  Straight-Flow  or  Dnidirectlonal- 
Flow  engine  which  was  recently  introduced  and  which  operates 
on  the  principle  just  mentioned.  Steam  is  admitted  by  the 
Inlet  Valve  at  the  end  and  is  discharged  at  the  middle  of  the 
O'linder,  when  the  piston  uncovers  the  Exhaust  Ports.  As  the 
piston  moves  from  the  beginning  of  its  stroke  the  newly  exposed 
portions  of  the  cylinder  wall  tend  to  assume  the  temperature 
of  the  steam  with  which  it  is  brought  into  contact;  thus  there 
is  a  gradation  of  wall  temperature  from  the  inlet  valve  to  the 
exhaust  ports.  During  compression,  which  comprises  practi- 
cally the  whole  of  the  return  stroke,  the  temperature  of  the 
steam  is  raised  as  the  process  progresses,  and  as  the  volume 
becomes  less  the  steam  is  in  contact  with  decreasing  surface 
wiih  increasing  mean  temperature. 

As  the  expansion  proceeds,  the  steam  in  contact  with  the 
steam-jacketed  cylinder  head  becomes  superheated  and  that  in 

■  See  Pcabody's  "  Thermodynamics,"  p.  J8o,  published  by  John  Wilejr  ft  Sana 


I 
*»   ■ 

Si 


^^BODS  OF  DECREASING  CYUNDER  CONDENSATION     243 

lact  with  the  piston  face  is  the  coldest  and  contains  the  most 
Igture.  When  release  occurs  the  wettest  steam  is  exhausted 
l.there  is  little  chance  for  reevaporationof  moisture  on  the 
ipder  walls.  Exhaust  closure  entrap)s  the  hottest  vapor, 
idi,  when  compressed,  attains  very  high  temperature  and 
[HDves  the  quality  of,  or  superheats,  the  entering  steam. 
Engines  operating  in  this  manner  have  given  remarkably 
od  economies,  even  equalling  those  obtained  with  multiple- 
pansion  engines.  As  great  a  ratio  of  expansion  is  used  in  the 
i^e-cylinder  as  is  employed  in  the  multiple-expansion  engine. 
(1)  When  the  heat  in  all  the  steam  exhausted  by  the  engine 
HI  be  used  in  drying  kilns,  in  heating  systems  for  houses  and 
ictories  in  winter,  or  for  other  purposes,  the  engine  economy 
I  not  important,  for  the  heat  not  utilized  by  the  engine  is  not 
wtcd.  Radiation,  conduction,  and  mechanical  friction  ^re 
Inys  losees,  except  in  cold  weather,  when  they  may  furnish 
le  proper  amount  of  heat  to  maintain  the  right  temperature  in 
feengiiie  room;  therefore  at  such  times  they  are  not  wastes. 


CHAPTER  XVII. 

STEAM  ENGINES. 

132.  Steam-Engine  Parts,  (a)  Fig.  97  shows diagrammatkally 
one  of  the  simplest  forms  of  double-acting  steam  engine.  The 
various  parts  of  the  engine  are  generally  grouped  as  follows: 

(i)  Stationary  parts,  —  which  include  the  cylinder,  c^inder 
heads  (bonnets),  steam-chest  cover,  stuffing  boxes,  engine  frame, 
outer  bearing,  and  subbase,  if  used. 

(2)  Rotating  parts,  —  consisting  of  the  shaft,  crank  (disk),  fly- 
wheel, and  eccentric. 

(3)  Reciprocating  parts,  —  the  piston,  piston  rod,  croashead, 
and  connecting  rod. 

(4)  Valve  gear,  —  valve,  valve  stem  (rod),  valve-rod  guide  (or 
rocker  arm),  eccentric  rod,  eccentric  strap,  and  eccentric  sheave 
(or  "eccentric"). 

(b)  The  steadiness  of  the  rotative  speed  of  the  engine  during 
the  revolution,  that  is,  during  the  completion  of  one  cycle  on 
each  side  of  the  piston,  is  controlled  by  the  flywheel.  Fl3nvheels 
will  be  considered  in  a  later  chapter.  The  number  of  revolutions, 
or  number  of  cycles,  per  minute  —  which  is^  usually  called  the 
engine  "speed"  —  is  controlled  by  the  self-acting  governor, 
which  in  Fig.  97  is  of  the  **  throttling,"  fly-ball  type. 

The  starting  and  stopping  of  the  engine  is  controlled  by  the 
hand-operated  throttle  valve  which,  in  special  cases>  may  also 
be  used  to  regulate  the  operation  of  the  engine. 

(c)  Engines  usually  have  the  following  fittings:  drain  cocks 
for  cylinder  and  steam  chest;  cocks  for  attaching  indicators; 
lubricating  devices  for  bearings,  guides,  and  cylinders;  and  shields 
to  collect  oil  thrown  by  the  crank,  the  connecting  rod,  and  the 
eccentric. 

(d)  Engines  are  mounted  on  masonry  or  concrete  foundations 

sufficiently  massive  to  prevent  noticeable  vibration  being  induced 

in  the  surroundings.     They  are  fastened  to  the  foundation  by 

"  anchor,"  or  "  foundation,"  bolts. 

244 


Fig.  97- 


„,  steam  Ensme'-    ^  '  „ 

**  .1  variety  «'i  ""^^     .,  :^  inn>t'ssibic  i"  »  yal, 

r'^r„„n.«»--  „     .„„  .re  .ho*  «»'*  ""l'  then  com- 
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stroke  is  usually  about  equal  to  the  diameter  of  the  cylinder. 
These  engines  almost  always  have  a  single  "  balanced  "  valve 
and  a  shaft  governor.  They  are  often  called  "  short-stroke 
engines."  and  are  designed  to  occupy  the  smallest  space,  have 
the  least  weight,  and  "direct  connect"  to  the  smallest  dynamo, 
for  a  given  power,  of  any  of  the  stationary  commercial  types. 
This  class  includes  only  engines  of  comparatively  small  power, 
the  cjlindcrs  usually  not  being  made  larger  than  20  inches  in 
Fig.  98  shows  a  center-crank  engine  of  this  type. 


;r-Crjnk  llnginc  v.iih  Inertia  Tjpc  of  Gove 
is  inountetl  on  a  casl-iron  subbase.) 


(c)  Low-Speed  Engines  ha\c  long  strokes  (from  2  to  4  times 
the  diamcler  of  the  cylinder)  and  usually  operate  at  less  than  120 
r.p.ni..  the  speed  lifing  limititl  by  the  valve  Rear,  the  action  of 
which  becomes  unreliable  at  higher  speeds.  This  class  includes 
engines  having  the  "  Corliss  "  and  other  types  of  "  trip  cut-off 
gear."  The  governor  is  usually  of  the  "  Hy-ball  "  type.  An 
engine  nf  this  kind  is  iliustrated  in  Fig.  99. 

(dl  Medium-Speed  Engines  have  rotative  speeds  and  strokes 
iiiiernu'diale  between  the  fori'going.  Positively  driven  multiple 
valves  are  generally  iiSL-d.  The  cul-off  is  positive  and  is  often 
elTeried  by  a  separate  vahe.  The  governor  is  nearly  always  of 
ihi'  "  >haft  type."  The  piston  s|>ccd  is  around  600  feet  per 
niiiuUe.  being  higher  on  the  larger  engines.     The  engine  showU 
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tig.  99.  —  Low-Speed  Engine  with  Corliss  \'alvc  Gtar.     Direct  connecte'I  to  an           ^^M 
electric  generator.                                                                ^^H 

Fig.  100.  — Mc()ium-S|>c(Ml  Engine  — SIibIi  Govcmnr— Positive  Cut-olT.               ^^^H 

The  medium-  and   low-spccd   engines  are  usually  of   larger        ^^H 
>w«r  than  the  high-speed.                                                                        ^^M 

There  is  no  sharp  dividing  line  between  these  different  tyijes        ^^M 
'  engines,  and  it  is  sometimes  difHicult  to  decide  tn  which  class        ^^H 
>1  engine  hetongti.                                                                                                 ^^H 

(«)  Vertical  Engines  (Fig.  toi)  occupy  less  floor  space,  hav-e        ^^M 
RiaJlcr  foundations,  have  less  cylinder  wear,  and  have  slightly       ^^M 
peater  mechanical  effiiii;ncy.  ihan  do  horizontal  engines.     When       ^^H 
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large,  they  are  more  cUfiicult  to  erect,  and  caring  for  t 
volvcs  more  eff<Mt,  as  certain  parts  are  reached  only  by 


^wx 


In  some  special  instances  engines  have  been  constructed  with 
axis  inclined  with  the  horizontal. 

(f)  Single-Acting  Engines  (Fig.  102)  give  half  as  much  po«-er 
i\&  do  double-acting  engines  with  the  same  diameter  and  stroke 
of  pisiton,  consequently  a  larger  engine  is  required  for  a  gi%"en 
output.  They  use  pistons  of  the  bucket,  or  trunk,  t>-pe,  and 
have  no  piston  rod,  therefore  ihe>'  are  shorter  than  double-acting 
i-ngincs. 

(g)  Reciprocating  Engines  are  so  called  because  they  ha\-e 
pistons  that  reciprocate  within  the  cylinder.     They  are  the  tj-pe 

that  is  most  common,  although  engines  with 
rotar>-  piston  would  apparently  be  more  de- 
sirable. Many  unsuccessful  attempts  haw 
been  made  to  demise  an  engine  of  the  latter 
form.  The  difficulty  lies  in  the  production 
of  a  machine  that  is  economical  in  the  use 
of  steam  after  the  parts  have  become  worn. 
Prior  to  1902  there  were  issued  over  xooo 
lis  on  Rotary  Engines,  and  none  ha\e  yet  been  able  to  com- 
with  the  reciprocating  engine  as  regards  steam  economy. 


Mr.  > 


ICngin 
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-  Lon'-Speed  Engine  with  Corliss  Valve  Gear.     Direct  connected  to  ai 
electric  generator. 


—  Medium  Spucil  1  nt,inL  -shifl  <  ui 


Vht  medium-  and  low  -puii  iiit,iTiL-s  arc  iistially  i>f  Kirm-r 
»tr  than  the  high  spi.t'1 

There  ii  no  sharp  di\idiiik  !iiu  lictwLcn  ihi^sc-  dirti-rt'iit  imk-s 
MiRincs  and  it  is  conuiinii.'- (httmilt  to  lierifjo  in  which  da>s 
1  engine  l>elongs 

'*)  Vertical  Engines  (l-it,  loi)  ucmin  k-^-s  tinur  sjiacf,  have 
Mller  foundations  hivi  k-^-.  (\hnd<i  Huar.  aixl  haw  s^iijjhliy 
later  mechanical  (.ffitiLni  \    ih  in  do  horii^ontal  engines.     When 
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\f  /  0.70    =  21  p^junds  of  steam  per  i.h.p.-hr.     If  the  steam 

i-  -.ry.ri'.-nrly  --uperheated  to  eliminate  all  c>iinder  condensation, 

'!    r'jrnish     1000  ^  240*   B.t.u.  per  pound;  or  21  X  1240 

=  2^.040    B.i.u.    will    hx-    furnished    per    i.h.p.-hr.     Then   the 

ir^onoiny  o!  the  engine  i>  improved  m  the  ratio (-^ j  =  1.15, 

wFiii*;  the  water  raies  are  in  the  ratio  t  JV)  =  1.43.  Thus  it  is 
^:*-w  I  h;it  the  reduction  of  uxiter  rate  is  not  an  accurate  measure  of 
th^  '''ivin^  effected  in  the  heat  used.  This  example  is  intended 
onl\  tn  >h(Av  in  a  very  general  way  the  effect  of  superheat. 
Thr  numerical  fjuantiiies  for  other  cases  may  be  ver>'  different 
from  t  hose  used  here. 

(c)  The  saving  to  Ix?  expected  by  superheating  is  dependent 
u|)C)n  the  amount  of  cylinder  condensation  that  would  occur  in 
the  same  engine  if  no  sujxrheat  is  used.  E\idently  the  greater 
this  condensation,  the  larger  is  the  saWng  possible.  Ordinarily 
\hr  st(»am  consumption  is  reduced  about  6  per  cent  with  50°  F. 
and  about  i)  jxr  cent  with  100°  F.  superheat.  A  reduction  of 
15  per  cent  is  frequent  and  as  much  as  40  per  cent  has  been 
atl.iiiUHl. 

id)  It  is  found  that  with  high  temperatures  of  superheat 
iImmi*  is  (lirticulty  from  warping  of  cylinder  and  valves  and  from 
l.iilmc  i>f  lubricants  unless  they  are  of  the  highest  grade.  A 
tni.il  itMuporature  of  5(K)°  F.  is  about  as  high  as  can  be  used  to 
.ul\.int.iv:t*  in  onlinary  steam  engines.  Cylinders  and  valves  for 
Inv'lu  I  icin|>craiures  should  be  siXTially  designed  for  the  ser\'ice, 
\h.»\c  ;*so'  \\  there  is  ditViculty  in  finding  materials  that  will 
,11, lull-  ilu*  tcmpcraiure  for  long  jx^riods  of  time. 

I  ;o.    1^5^^*    ^^^    Steam    Jackets,     (a)   Some   cylinders   are  so 

,|,-.iincJ    .»^   i*^   1h»   surroumUnl   by   **  live  *'   steam   (usually  at 

l,,ji    .\\u\   i»Mi>iant    iom|HTature\     Such  cylinders  are  said  to 

l„         u.nn  i,ukcii\I.  '     Their  walls  are   maintained   at  higher 

,,,   .,n\pii,uiM0  and  have  k^'ss  temperature  fluctuation  than 

'i,    ,M.ljn.\i\    ixHiulcr.   cvMisoquently   there  is  less  cylinder 

,.,,,,»       r'.v'    -^i'^*    nwivixi   by  the  cylinder  wall  from 


III 


,  ,  I    .      ,  ;  ••,      ;>  -.i'.c  latent  heal  freed  bv  the  condensa- 

..-   ..'  '.  ,  '   '.'.■^  >:cam.     If  the  jacket  steam  is  at  the 


1,11 


,,  .,,..,  ,  ...    ,    ,..  .   ;^  >:c.nr.  catering  the  cylinder,  the  mean 
J  ,^,^., ,  ,,,|,^    .,     .  ,,.  xv./N  xv-;::  U-  but  Uitle  below  that  of  the 


I  nil  I  (Hi      \x 


WW   !\.  V..X'  /:*.*•  vv:u:on>.i:ion  >*-iU  be  small. 
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At  first  it  may  appear  that  tiie  weight  of  cylinder  condensa- 
tion tlius  avoided  cannot  be  more  than  tlie  steam  simultaneously 
condensed  in  the  jacket,  in  cases  where  the  condition  of  the 
«tcam  entering  both  the  cylinder  and  the  jacket  is  the  same, 
Buoausc  of  this,  and  because  the  jacket  has  radiating  surface 
which  is  larger,  and  which  is  maintained  at  a  higher  mean 
tuMi{jeraiure,  llian  in  the  case  of  the  ordinary  cylinder,  it  would 
nxm  that  no  advantage  is  possible  from  the  use  of  a  steam 
jacket. 

(b)  That  the  steam  Jacket  is  beneficial  is  largely  due  to  the 
Cact  that,  with  its  use,  the  amount  of  moisture  evaporated  from 
the  inner  walls  of  the  cylinder  during  exhaust  is  greatly  reduced, 
thus  less  heat  is  abstracted  from  these  walls  by  the  exhaust 
»tcam  and  less  steam  is  used  in  the  cylinder.  It  has  been  seen 
that  one  (>ound  of  moisture  evaporated  from  the  cylinder  walls 
carries  away  roughly  1000  B.t.u.  from  which  there  is  no  return. 
Ill  the  case  of  the  jacket,  however,  the  condensate  formed  in 
the  jacket  can  be  returned  directly  to  the  boiler,  and,  as  it  is  at 
boiler  pressure  and  temperature,  it  will  carry  back  from  ago  to 
300  B.l.u.  per  pound.  Thus  the  net  result  with  the  steam 
jacket  may  be  a  gain  in  economy. 

msidering  the  performance  of  a  jacketed  engine  the  heat 
supplied  to  the  jacket  steam  must  be  considered  and  the  water 
rale  must  be  modified  accordingly.  If  the  weight  of  steam 
condensed  in  the  jacket  per  h.p.-hr.  is  EC,,  the  heat  used  per 
h.p.-hr.  by  the  jacket  is  Wfrf,  and  if  (AQi  —  g%)  is  the  heat 
addvd  per  pound  of  steam  supplied  to  the  cylinder,  then  the 
tnic  water  rate,  supposing  the  jacket  condensate  is  returned 
to  the  boiler  without  loss  of  heat,  is 

"'  =  "'•+1(1(^^)1 '"'' 

in  which   W,  is  the  weight  of  steam  delivered  to  the  cylinder 
pcf  h,p.-hr. 

(c)  As  most  of  tile  cylinder  condensation  occurs  in  the  clear- 
ance space,  this  is  the  most  important  part  of  the  cylinder  to 
jacket.  It  is  usually  only  on  large  engines,  however,  that  the 
CiHinder  hrads  are  jacketed,  in  addition  to  the  cylindrical  walls. 
It  would  \k  desirable  to  jacket  the  piston,  that  is,  fill  it  with 
Btcam,  but  practical  difficulties  prevent  this.     As  there  is  prob- 
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parts  are  duplicated,  it  ts  more  expensive  than  the  tandem;  but 
because  the  cranks  may  be  set  at  Hght  angles  it  is  possiUe  to 
obtain  greater  uniformity  of  turning  effort  than  with  simple  or 
tandem  engines,  and  therefore  a  smaller  flywheel  can  be  used. 

In  some  cases,  with  this  arrangement  of  cylinders  the  cranks 
are  placed  diametrically  opposite  (l8o  degrees  apart),  but  the 
turning  efl^cHt  is  then  about  as  variable  as  with  the  single-crank 
engine. 

Ulien  the  cylinders  are  immediately  adjacent  to  each  other,  as 
in  Fig.  109,  and  have  their  piston  rods  attached  to  the  same  cross- 
head,  with  single  connecting  rod  and  crank,  the  engine  is  usually 


Fig.  109. —  Duplci-Corapound  Eneli 


called  a  Duplex  Compound.  The  engine  occupies  the  same 
amount  of  space  and  has  the  same  crank  effort  as  a  simple  engine. 

The  arrangement  of  engine  known  as  the  Angle  Compound, 
shown  in  Fig.  1 10,  occupies  the  same  floor  space  as  a  simple  engine, 
has  the  uniformity  of  crank  effort  obtained  with  cranks  at  90 
degrees  (for  in  this  case  connecting  rods  are  at  90  degrees  and  are 
attached  to  the  same  crank  pin),  and  is  easily  counterbalanced. 

In  iriple-  and  quadruple-expansion  engines  the  cylinders  are 
arranged  in  various  ways  and,  looking  at  the  end  of  the  shaft, 
there  may  be  \'arious  sequences  with  which  the  cranks  pass  a 
given  iwint.  The  arrangement  of  cylinders  and  the  sequence 
and  angle  between  cranks  have  a  predominating  influence  on 
the  counterbalancing  of  such  engines,  as  will  be  seen  later  when 
the  subject  of  counterbalancing  is  discussed. 

(1)  Engines  are  used  for  a  great  \ariet>-  of  purposes,  and  are 
often  referred  to  by  their  use;  thus  there  are  marine  engines 
(Fig.  Ill),  hoisting  engines,  pumping  engines,  rolling-mill 
engines,  air-compressor  engines,  steam-hammer  engines,  etc. 
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Fig.  tii.  —  Vertical  Tiipie-Expansion  Marine  Engine —  ArranKenmt. 
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Engines  are  also  classified  as  stationary,  portable,  se: 
portable,  mobile  (marine,  locomotive,  traction,  road  roller,  i 
automobile  engines). 

■  The  uses  to  which  some  engines  are  put  require  that  they 
capable  of  being  reversed  by  hand.  This  is  true  of  mar 
engines,  some  rolling-mill  engines,  hoisting  engines,  tract 
engines,  etc.     Such  engines  are  called  **  reversing  engines ''  <. 

« 

have  special  valve  gears,  either  of  the  '*  link  **  or  "  radial ''  tyj 
which  will  be  discussed  later. 


CHAPTER  XVIII. 

m 

STEAM-ENGINE  GOVERNORS. 

134*  Governing,  (a)  The  term  '*  governing  **  is  applied  to 
the  adjusting  of  the  power  output  or  speed  of  an  engine,  or  both 
of  these,  to  fit  the  variable  demand. 

(b)  An  engine  may  be  governed  in  four  ways:  It  may  be 
(i)  *'  hand-governed/'  as  in  the  case  of  automobile,  marine,  and 
locomotive  engines;  (2)  "mechanically  regulated"  by  a  "gov- 
ernor '*  that  acts  automatically,  as  in  the  usual  stationary  en- 
gine;  (3)  "resistance  governed,"  its  operation  being  controlled 
directly  by  the  external  resistance;  or  (4)  governed  by  any  com- 
oination  of  these  methods. 

(c)  The  ordinary  stationary  engine  is  usually  mechanically 
'^gulated  to  maintain  approximately  constant  speed  of  rota- 
^*on  at  all  loads.  An  engine  operating  uniformly  will  develop 
indicated  power  just  sufficient  to  overcome  the  friction  losses  and 
'^eet  the  external  demand  for  power.  Should  a  decrease  in  the 
External  load  occur,  it  would  result  in  an  excess  of  indicated  power, 
^^using  an  acceleration  of  the  moving  parts  of  the  engine,  which 
^*ouid  continue  until  the  mechanism  ruptured  under  the  induced 
^tresses,  unless  a  governor  should  come  into  action  to  prevent. 
On  the  other  hand,  an  increase  in  load  would  stop  the  engine 
Unless  the  indicated  power  were  increased  proportionate! >'. 

Thus,  to  maintain  constant  speed,  a  "  governor  "  must  auto- 
matically adjust  the  indicated  power  to  balance  the  friction  and 
external  load  at  all  times.  Exact  uniformity  of  speed  is  impos- 
sible, as  a  change  in  speed  is  necessary  to  cause  a  governor  to  act. 
This  change,  however,  may  be  made  so  small  as  to  be  negligible 
in  most  cases. 

(d)  Resistance  governing  is  exemplified  by  an  engine  directly 
driving  a  pump  which  discharges  fluid  into  a  closed  reservoir  or 
system  of  piping.  The  pump  will  raise  the  fluid  pressure  in  the 
system  to  the  limit  of  the  engine*s  capacity,  when  the  engine 
will  become  ineffective.     Should  fluid  then  be  withdrawn  from 
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I  ho  s\stcni.  the  drop  in  pressure  will  cause  the  engine  to  start 
.i.;:ain  ami  to  continue  running  until  the  pressure  once  more 
ri\u  lu's  the  limiting  value.  To  prevent  the  engine  from  o>'er- 
>1H  wling  in  case  of  sudden  withdrawal  of  fluid,  or  rupture  of 
pi[V.  a  "  intvhanical  governor  "  or  "  safety  stop  "  is  usually  pro- 
\  idi»*i.  so  adjust  ill  as  to  automatically  come  into  operation  before 
\\\v  >*ifo  siHHxl  is  oxixx\leil.  The  limit  of  fluid  pressure  is  also 
y:iMUTalI\  nuuio  adjustable  by  hand. 

135-  Governing  of  Steam  Engines,  (a)  The  adjusting  of  the 
[H^wor  do\i'lo|H^l  within  the  cylinder  to  meet  the  external  de- 
maiui  on  the  cMy:ino  is  usually  accomplished  in  the  case  of  the 
>u\iTn  ony:ineiMiluT  by  throttling  the  steam  supplied  the  cylinder. 
oi  b\  V  hancinc  the  ix^int  in  the  stroke  at  which  cut-off  occurs.  A 
r»Mnlunaiion  v»f  Nuh  of  those  methods  is  possible  but  is  rarely 

b  When  the  enpno  is  governed  by  throttlingi  the  cut-off  is 
li\eil  b\  the  inaxitnuni  jH>wor  which  the  engine  is  to  develop  \i-ith 
>ie.ini  at  the  inaxinuiin  pressure.  To  obtain  less  power,  the 
>;r.i:n  is  throttled,  thus  j^ivinv:  lower  admission  pressure.  Fig. 
I  iJ  >!i.n\>  ideal  indicator  vlia^irams  for  such  case. 


\. 


1    .     ;::         r'.^r.v".  vi.'\  .-:■.■••:;  Vis:.  1 1^;.   -Cul-off  Governing. 

c  \\  hell  governed  by  changing  the  cut-oflf,  the  admission 
pM--.i:e  i>  c«^Ti*^:.MK.  .iiui  tiie  aTninint  oi  cylinder  feed  is  varied, 
.i>  ^:;,'\\:\  !>>   the  iile.il  .lia<r.iir.<  in  Fi;^.  I13. 

I  ^D.  Governors.  a  In  nio>i  v\i>es  the  demand  is  for  power 
»'  r'-<\''':  •.•;.:::;i"  sr^w:.  and  the  v^oveniinv:  device  should  there- 
|..:r  ^lAiTM  ■'  is.Hhr.'n.»u>ly."  rnfortunately,  however,  govern- 
iv.^  .!e\iii<  are  dri\en  by  the  eiijiine  ami  ofXTate  on  a  simple 
mnluinical  principle  whivh  r^xiuires  a  chanv;e  in  speed  to  make 
jln-v.!  ak\.  Vhcv  .ire  al>»«  c.Minecieil  to  iliroitling  or  cut-off 
ili\  !cc>.  each  i»t  whicli  inu-i  have  a  diiYerent  ix)sit  ion.  or  phase 
rel.iti'Mi.  lor  each  kuii.     Hence  the  ,;:overnors  must  change  posi- 
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tion  with  variation  of  load.  As  the  governor  adjustments  are 
brought  about  only  by  changes  in  speed,  there  is  a  definite  speed 
and  definite  governor  position  corresponding  to  each  load. 

Hence  the  "  constant-speed  *'  governor  is  an  anomaly  because 
(i)  the  governor  cannot  act  until  there  is  a  change  of  speed, 
and  (2)  the  governor  cannot  maintain  the  configuration  of  valve 
gear  corresponding  to  different  loads  unless  it  runs  at  different 
speeds  for  different  loads. 

However,  with  well-designed  governors  properly  adjusted, 
the  amount  of  variation  is  small  and  isochronism  is  approached 
sufficiently  close  for  practical  purposes. 

If  «i,  «2  and  n  are  respectively  the  lowest,  highest  and  mean 
r.p.m.  of  the  engine,  then  the  degree  of  regulation  or  coefficient 

of  regulation  is  e  = ^,  which  would  of  course  be  zero  with 

isochronous  governing.* 

(b)  The  four  essentials  of  a  good  governor  are  (i)  '*  closeness  *' 
of  regulation,  i.e.,  small  coefficient  of  regulation,  (2)  quickness  of 
regulation,  (3)  stability  or  posi- 
tiveness,  and  (4)  power  to  move 
the  parts  controlled  and  to  re- 
sist disturbing  forces. 

(c)  Engine  governors  may  be 
divided  into  two  classes,  —  the 
"  Pendulum  "  or  "  Fly-ball  " 
Governor,  and  the  "  Shaft " 
Governor. 

137.    Pendulum  Governors. 

(a)  The  simple  pendulum ^  coni- 
cal, fly-hall  or  Watt  governor  is 
shown  in  Fig,  114.  Correspond- 
ing^ to  each  different  speed  at 
whic  h  the  vertical  spindle  and  weights  revolve,  there  is  a  definite 
height  of  cone  Qi)  at  which  the  centrifugal  force  (C)  and  weight 

*  It  is  common  practice  to  speak  of  the  "percentage  of  speed  variation,"  — 
thus  an  engine  speed  may  be  said  not  to  vary  in  excess  of  2\  \ycT  cent.  Such  a 
statement  is  ambiguous,  —  by  some  it  is  usci  to  refer  to  the  degree  of  regulation 
as  defmed  above  and  by  others  to  refer  to  the  percentage  of  variation  above,  or 
below,  the  mean  speed  (i.e.,  to  approximately  one-half  the  degree).  Hence  the 
meaning  of  the  term  should  always  be  defined  if  used  at  all. 


Fig.  114. — Watt  Governor. 
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this  increment.  It  is  evident  that  a  given  amount  of  collar 
movement  may  be  obtained  with  less  variation  in  speed,  i.e., 
with  closer  *'  regulation,"  when  the  r.p.m.  is  low  than  when  high; 
therefore,  these  governors  are 
usually  operated  at  rather  low  /jK 
speeds.  This  results  in  their ca\7/& 
having  little  '*  power  "  to  re-  T 
sist  disturbances  which  tend  to 
move  the  collar,  and  to  over- 
come resistance  offered  at  that 
point.  Such  governors  are 
therefore  ordinarily  used  only 
when  the  parts  to  be  moved  by 
tlie  collar  are  light  of  weight 
and  practically  frictionless. 

(c)  The  Weighted  Conical  or 
Porter  Governor  is  shown  in 
Fig.  117  and  differs  from  the 
Watt  governor  in  the  addition 
of  the  central  weight  Q  which 
rests  on  the  collar,  and  for  a 
given  sjx^ed  causes  the  weights 
to  revolve  in  a  lower  plane  (i.e., 
with  height  of  cone  greater) 
than  in  the  simple  form.  Evi- 
dently, within  limits,  a  given  height  of  cone  can  he  had  at  any 
spet^l  by  merely  placing  the  right  amount  of  weight  at  Q. 

At  the  collar,  in  the  figure,  is  drawn  the  triangle  giving  the 

comix)nent  S  of  --  along  the  link  1-2.     The  ball  is  subjected  to 

forces  .S\  C,  IV,  and  a  resultant  tension  L  (in  link  j -21  which  must 
jxnnt  toward  the  pivot  j.  These  forces  are  shown  at  ia)  in  the 
figure,  from  which  it  is  evident  that  the  vertical  comjMjnent  of 

S  is  -  -  and  the  horizontal  component  //  is   —  tan  6  =  —-,- ,  since 
2  2  2  h 

J  =  tan^.  For  equilibrium  the  moments  about  J  of  the  horizon- 
tal and  vertical  forces  or  components  must  be  equal,  and  therefore 
(reniemlxTing  that  L  passes  through  jj, 

Q 


Kig.  1 1 7.  -  -  Weighted  Governor. 


('-^3"=("-+^> 


26o  HEAT-POWER  ENGINEERING 

Substituting  the  second  value  of  C  from  Eq.  (270)  and  solving 
for  the  height  of  cone  gives* 

Comparison  of  this  equation  with  Eq.,  (271)  will  show  that  it 
is  possible  for  the  loaded  governor  to  have  the  same  height  of 
cone,  and  same  degree  of  regulation  for  a  given  collar  move- 
ment, with  high  speeds,  that  can  be  obtained  with  the  simple 
conical  governor  with  low  speeds  only.  The  ''  loaded  *'  governor 
is  much  the  more  powerful  of  the  two  because  of  this  fact. 

(d)  Eqs.  (271)  and  (272)  show  that  to  have 
isochronous  governing  («  =  constant)  the 
height  of  cone  (A)  must  be  constant.  Thus 
in  Fig.  118  the  path  of  the  ball  must  be  such 
that  the  sub-normal  to  the  curve  is  constant. 
As  this  is  the  property  of  the  parabola,  the 
ball  should  be  guided  over  such  a  path  for  this 
kind  of  governing.  In  such  case,  at  the  given 
speed,  the  ball  would  be  in  equilibrium  at  any 
and  all  points  on  the  guide ;  that  is,  the  forces 
^^'^^  '  would  always  be  in  equilibrium. 

Such  an  arrangement  is,  however,  of  no  commercial  value 
because  (i)  if  a  disturbance  increased  the  speed  slightly  the 
equilibrium  would  be  destroyed,  the  centrifugal  force  would  pre- 
dominate, and  the  ball  would  seek  the  extreme  position  against 
the  outer  "  stop  **  ft;  (2)  a  decrease  of  speed  would  cause  the 
weight  to  move  to  the  inner  stop  a;  and  (3)  there  is  no  definite 
place  for  the  ball  at  the  speed  of  isochronism  —  it  is  balanced  at 
any  position  on  the  guide;  whereas  to  be  of  practical  value  there 
must  be  a  definite  position  of  ball  corresponding  to  each  differ- 
ent load  to  which  the  engine  is  subjected.  .  Hence,  while  this 
governor  is  ideal  as  regards  constancy  of  speed,  it  is  unstable 
and  of  no  commercial  value.  It  serves  as  a  limit  which  actual 
governors  may  be  made  to  approach  as  closely  as  is  possible 
without  introducing  instability. 

(e)  Fig.  119  shows  an  arrangement  in  which  the  path  of  the 
ball  is  a  circular  arc  approximating  the  parabolic  path,  but  de- 

*  Note  that  this  equation  applies  only  when  the  governor  linkage  is  rhomboidal 
in  arrangement.  If  the  arrangement  is  like  that  at  {h)  in  Fig.  1 17  the  foimula  must 
be  modified. 
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ing  therefrom   somewhat   in  order   to   have  the  difference 

ftween  Aj  and  Aj  sufficient  to  insure  stability.     Such  an  arrange- 

■nl  is  described  as  a  governor  with  crossed  arms. 

VNTtli  the  governor  previously  described,  which  has  the  suspen- 

point  located  on  the  spindip,  the  path  of  the  ball  departs 


is.  ...j.  Fig,  120.  Fig.  iM. 

idely  from  the  parabola,  hence  such  governors  do  not  give  close 
Sulation  except  when  the  collar  movement  is  small. 

(f)  Isochronism  can  be  approached  by  having  the  point  of 
ittachment  between  links  offset  from  the  weight  arm,  as  at  a  in 

120,  or  using  the  equivalent  bent  arm.  as  at  b.     The  theory 
if  this  type  of  governor  will  not  be  included  here.* 
Fig.  121  shows  another  arrangement  of  governor  with  which 
xrhronism  can  be  approached.* 

(g)  Eqs.  (271)  and  (272)  apply  only  in  the  ideal  case  in  which 
here  is  no  resistance  to  be  overcome.  I  f  the  collar  and  pins  have 
riction.  the  speed  of  the  governor  must  change  a  considerable 
mount.  An,  before  the  centrifugal  force  Is  changed  by  a  suffi- 

Scnt  amount  to  enable  it  to  overcome  this  resistance  and  cause 
he  collar  to  start  to  move.  Thus,  if  the  change  in  speed  neces- 
f'  to  overcome  the  resistance  when  the  weights  tend  to  move 
at  equals  that  when  the  tendency  is  inward,  there  can  be  a 
a  speed  equal  to  2  An  without  movement  of  the  collar. 
vidently  Uie  degree  of  total  regulation  is  similarly  affected. 
he  greater  the  collar  friction  the  larger  the  influence,  hence  the 
tUar  friction,  the  resistance  of  all  parts  moved  by  the  collar, 
I  the  friction  of  the  governor  parts  must  be  as  small  as  possi- 
,  if  dose  regulation  is  desired. 
See  Tolle,  "  Die  Regdung  da  Krnflmiisdiinen,"  Julius  Springer,  publiditt. 
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138.  Spriac-lialaaced  F^^ball  Gorcnar.  In  the  fly-ball  gov- 
eiTiOTS  so  far  discussed  the  moments  of  the  centrifugal  forces 

acting  on  the  balls  were  balanced  by  the 
moments  of  the  gra\4t>'  forces.  Some  gov- 
ernors are  so  arranged  that  the  centrifugal 
forces  (or  their  m<Hnents)  arc  practically 
entirely  balanced  b>'  one  or  more  springs, 
as  in  Fig.  122.  In  other  governors  the  cen- 
trifugal  force  is  balanced  by  a  cfsnlnnation 
of  gravity  and  springs. 

The  d^ree  of  regulation  of  the  governor 
shoirn  in  Fig.  1 23  can  be  adjusted  l2y  means 
of  the  nuts  A',  which  can  be  used  to  change  the  initial  comi»easion 
of  the  sprii^.  This  governor  operates  on  the  same  principle  as 
the  simple  centrifugal  "shaft "  governor  described  in  the  next 
section.  There  are  many  different  arrangements  of  governors  of 
this  type.  They  may  be  made  to  operate  at  high  speed  and  have 
con^deraUe  power,  and  they  can  be  adjusted  to  give  "  dose  " 
regulation. 

139.  Elementary  Shaft  Goremorv.  (a)  The  shaft  governor 
is  so  called  because  it  is  mounted  either  in  the  flywheel  or  in 
a  governor  case  carried  by  the  main  shaft  of  the  engine. 

(b)  The  elements  of  the  simplest  form  of  this  governor  are 
shown  in  Figs.  123  to  125.     Referring  to  Eq.  (270),  it  is  seen  that 


%-t 
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Fie- 113.  Fig.  1*4- 

if  the  speed  of  rotation  is  constant  the  centrifugal  force  C  with  a 
given  weight  varies  directly  with  the  radius  r.  Thus  in  ¥ig.  123, 
with  constant  speed  =  nj,  the  ordinates  (C)  of  the  line  Oiti  show 
the  manner  in  which  the  centrifugal  force  increases  as  the  weight 
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Wis  moved  outward  from  the  center  of  the  shaft.  Oth  shows  J 
tiie  same  thing  for  a  higher  constant  speed  ttt,  and  similar  lines  I 
could  be  drawn  for  each  other  speed. 

(c)  In  Fig.  124,  ^  is  a  spring  with  end  at  0  when  free.  The  I 
ordinales  (F)  of  curve  Of  show  the  increase  of  the  spring  force  | 
with  the  elongation  S.  As  the  curve  is  similar  in  character  to  J 
those  in  Fig.  123,  ii  would  be  possible  to  place  the  spring  in  the  1 
flywheel,  with  end  0  at  the  center  of  rotation,  and  thus  cause  | 
Cy  to  coincide  with  one  of  the  On- 
curves.  The  centrifugal  force  would 
then  be  balanced  by  the  spring  pull 
in  all  positions  of  the  weight,  for 
that  particular  speed.  Hence  this 
arrangement  would  give  isochro- 
nism.  The  speed  at  which  this 
equilibrium  ix-curs  depends  of  course 
on  tile  strength  of  the  spring. 

(d)  If  fl  in  Fig.  125  is  the  position 
of  the  center  of  the  ball  when  against 
th«  inner  stop,  then  when  the  weight 
is  in  the  "inner  position  "  the  spring  will  have  elongation  equal  i 
to  Oa.  The  extension  of  tlie  spring  with  the  weight  in  the  ii 
po6tlion  is  called  the  "initial  elongation."  Inadjusting  thespring  | 
to  give  isochronous  governing,  the  initial  elongation  £|  must  be  j 
equal  to  the  distance  Oa,  which  is  equal  to  rj. 

(e)  The  isochronous  shaft  governor  is  an  unstable  one;  any  ] 
change  from  the  speed  of  isochroniam  causes  the  weight  to  r 
to  one  or  the  other  extreme  position:  and  at  tlie  speed  of  isochro-  1 
nism  the  weight  is  in  equilibrium  at  any  position  in  its  path, 
that  is,  has  no  definite  position.     Therefore,  this  governor  is  of  ] 
no  commercial  value,  but  is  the  limit  which  actual  governors  may 
be  made  to  approach  as  closely  as  is  possible  without  introducing 
instability  of  action. 

(f)  In  order  to  have  stable  goveraing,  there  must  be  definite 
positions  of  the  weight  II'  for  each  different  load  on  the  engine. 
If  the  end  of  the  spring,  when  not  under  tendon,  is  ai  o'.  to  the 
right  of  the  wheel  center  0  in  Fig.  126,  instead  of  at  0,  then  the 
line  o'/will  cross  the  on-curves;  poini  /  will  correspond  to  a  speed 
equal  to  «[,  point  x'  to  «,,  and  point  2  to  wj;  thus,  when  the  weight 
is  at  i3  the  spring  pull  will  be  balanced  by  the  centrifugal  force 
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when  the  speed  is  hi.  at  x  there  will  be  equilibrium  if  the  spee^ic] 
b  ffx.  and  at  b  the  forces  are  equal  when  the  speed  is  ns. 

With  such  an  arrangement  there  is  a  definite  position  of  th^^ 
weight  at  each  different  speed,  thus  the  arrangement  is  stabl^^ 


Fig.  126. 

If  the  position  of  W  fixes  the  power  developed  by  the  engine, 
then  there  will  be  a  different  speed  for  each  different  po^^-er 

output. 

The  line   1-2  is  sometimes  called   the  Characteristic  Curve 
C-curve».  as  its  position  with  respect   to  the  constant  speed 
cur\e>.  On,  indicates  the  character  of  the  go\-eming. 

g     If  a  is  to  be  the  inner  position  of  the  weight,  and  ni  the 
lowest  speed,  then  point  /  is  fixed.     The  speed  corresponding  to 
P'r-iti-'n  b  is  determined  by  the  slope  of  the  Characteristic  Cur\e 
1-2  relative  to  the  constant-speed  curves,  and  is  dependent  on 
the  di-tance  00'  or  on   the  distance  5i.     If  o'  coincides  \*-ith  0, 
thv-  initial  elongation  5:  =  r.,  and  the  governor  would  be  isochro- 
r    J-.  1-  the  C-curve  would  coincide  with  owi.     The  greater  the 
rii--  1:.  r  00'  i>.  i.e..  the  smaller  the  initial  elongation  61  (compared 
'.     the  vrrtMter  will   K*  the  speed  variation  between  limits 
' .  and  the  greater  will  Ix^  the  stability,  and  vice  irrsa. 
Th»    cidjii>tment  ot  a  governor  is  divided  into  two  parts 
.A-:  -    I     The  initial  elongation  of  the  governor  spring, 
■  .♦.  ir.rn  MS<.-d    l>y  means  of  nut  at  J\'  in  figure^  until  the  best 
'  :'  r*;^  ilati'm  that  i-  consistent  with  stability  is  obtained. 
•ha*.   •:;»-  de-^rc*!'  of  regulation  is  dependent  only  on  the 
a:i:''iir.t  of  the  initial  el(^ngation.  and  that  it  is  inde[)endent  of 
the  -trength  of  spring  and  of  the  weight  of  ball. 


w: 


'* 


V.'  •.: 

\  • 


nted  on  an  arm  pivoted 
If  it  is  considered  that 
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(2)  After  the  spring  has  been  adjusted  to  give  the  proper 
regulation,  the  speed  can  be  changed  to  any  desired 
alue.  within  reason,  by  changing  the  weight  W.  if  the  weight 
reduced  the  speed  will  increase  until  the  cenuifugal  force 
stances  the  spring  pull;  if  increased,  the  effect  on  the  speed  will 
e  the  opposite. 
(i)  In  Fig.  127  the  weight  W  is 
t  J  and  with  spring  S  attached  at 
te  arc  ab  here  approximates  path 
b  in  Fig.  126,  the  spring  S  would 
lavc  initial  elongation  ii,  the  same 
9  in  that  case.  Evidently  spring 
S  can  be  replaced  by  spring  S'  if 
he  latter  is  made  l/l'  times  as 
trong  (W  remaining  the  same) 
nd  if  the  initial  elongation  is 
lade  equal  to  (/'  7)6i. 
This  arrangement  contains  the 
[ements  of  the  more  common 
;  of  commercial  shaft  gov- 
Tiors.  It  is  adjusted  in  the  same 
Jiner  that  was  described  in  (h)  fc 


Fig.  117. 

r  the  simple  case. 


140.  Commercial  Types  of  Shaft  Governors,     (a)  In  general, 

le  commercial  shaft  governor  has  one,  or  two,  pivoted  "  wdght 

the  centrifugal  force  acting  on  which  is  balanced  by  one 

more  springs  which  are  so  adjusted  that  there  is  a  differ- 

t  speed   and   a  corresponding  definite  and   distinct  position 

the  arm,  or  arms,  for  each  different   load   on    the  engine. 

le   "weight    arms"    are    connected    either    directly,   or   by 

iks,    to   the   eccentric,  so    that    for    each    speed    there    is   a 

'finite  and  distinct  position  of  the  eccentric,  a  corresponding 

t-off,  and  a  definite  amount  of  power  developed.     If  the  load 

iges,  the  speed  of  the  engine  will  also  change  until  a  cut-off 

found  which  gives  the  right  amount  of  power  to  meet  the 

itaaad. 

If  the  governor  is  of  good  design  and  properly  adjusted,  the 
rial  amount  of  speed  variation  is  very  small  (being  from  1  to  zj 
tr  cent  of  the  "  normal  "  or  average  speed);  thus  the  speed  is 
radically  constant. 
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There  are  two  general  t>-pes  of  shaft  governors, — the  "Craitrif- 
ugal"  and  the  "Inertia." 

lb <  The  Sweet  go\emor,  which  was  one  of  the  earliest  of  the 
centrifugal  govemors  and  which  is  still  widely  used,  is  shown  in 
Fig.  12H.  Pivoted  to  one  of  the  arms  of  the  fl>w-heel,  or  go\'emor 
whtel.  is  a  "weight  arin."  which  has  a  hea\->-  head  W.  When 
the  tngine  is  not  running,  this  weight  arm  is  held  in  the  "inner" 
pi^iiii'in  (that  shown  in  full  lines)  by  the  leaf  spring  5.  After 
[.ii';ini  is  turned  on.  the  ann  will  remain  in  this  position  until  the 
spct-ti  has  reached  a  certain  point  (for  example,  say  198  r.p.ra.), 


-  Snti't  Tj|i«  of  Centrifugal  Governor. 


Lntrifujial  force  C  will  just  balance  the  spring  pull. 
I  is  rai-ni  further,  tlie  increasc'd  centrifugal  force  will 
rni  t'l  m')\f  iiuiwanl  until,  at  some  speed  (say  202 
fiiclu-s  the  cxirunie  "outer"  position  (that  shown  by 
linos).  At  ihi'  "  normal  "  speed  (200  r.p.m.)  the 
woiili]  lif  alKiiLt  midway  l>et\veen  these  extreme 
iiil  for  t'Vfry  oihtT  sptixl  (bclween  the  198  and  202 
'■  .in-  ili'litiiu'  positions  of  the  arm. 
oiij.li-  ilic  loiiil  \ari;i(ion  in  speed  is  2  per  cent  of  the 
II,  lly  cliati^iinn;  the  adjustment  of  the  spring,  how- 
loiMii  of  variation  can  ]x  altered,  but  if  it  is  made  too 
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small  the  friction  and  inertia  of  the  valve  gear,  and  the  other 
disturbances,  will  make  the  action  of  the  governor  uncertain,  — 
so  there  is  a  practical  limit  to  the  closeness  of  regulation. 

Again  referring  to  Fig.  128,  it  is  seen  that  the  arm  carrying  the 
eccentric  is  pivoted  at  P  to  one  of  the  arms  of  the  wheel,  and  is 
connected  by  a  link  L  to  an  extension  of  the  weight  arm.  When 
this  latter  is  in  the  inner  position,  or  is  ''in,'*  the  center  of  the 
eccentric  is  at  £,  the  position  for  the  latest  cut-off;  and  when  it  is 
*'out,"  the  eccentric  center  is  at  e,  the  position  for  zero  cut-off. 

The  manner  in  which  the  governor  operates  is  as  follows: 
WTien  the  engine  is  standing  still,  the  governor  holds  the  eccen- 
tric in  the  position  E  for  the  latest  cut-off.  When  steam  is 
turned  on,  the  engine  will  speed  up  until  a  certain  r.p.m.  is 
reached,  at  which  the  governor  arm  will  begin  to  move  out,  thus 
shifting  the  eccentric  towards  e  and  decreasing  the  cut-off.  This 
movement  will  continue  until  a  position  is  reached  at  which  the 
power  developed  just  equals  the  load,  and  as  long  as  this  latter 
remains  constant  the  governor  arm  will  remain  in  this  position. 
Now,  if  the  load  is  reduced,  the  engine  will  speed  up  (tending  to 
run  away),  and  this  causes  the  weight  arm  to  fly  out,  shifting  the 
eccentric  nearer  to  e  and  reducing 
the  power  developed  until  it  be- 
comes again  equal  to  the  demand. 
Similarly,  if  the  load  is  increased, 
the  speed  of  the  engine  will  de- 
crease, and,,  as  the  weight  arm 
moves  **in,"  the  cut-off  will  be 
increased,  until  at  some  position 
of  the  arm  a  balance  is  again 
reached  between  the  power  and 
the  load. 

Fig.  129  shows  another  "centrif- 
ugal" shaft  governor;  hut  in  this 
case  there  are  two  weight  arms,  symmetrically  placed,  instead 
of  one.  In  its  action,  this  governor  is  identical  with  that  which 
has  just  been  described. 

(c)  Fig.  130  shows  the  Rites  Inertia  Govemor,  which  consists 
of  a  long  weight  arm  (WW),  an  eccentric  pin  £,  and  a  spring. 
The  arm  is  pivoted  at  P,  close  to  the  shaft,  and  its  end  IF'  is 
heavier  than  IF,  so  the  center  of  gravity  is  at  G.     The  position  of 


Fig.  129.  —  Centrifugal  (iovcrnor. 
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the  parts  shown  in  full  lines  is  for  latest  cut-ofF,  and  is  the  one 
occupied  when  the  engine  is  not  running;  that  shown  by  the 
broken  lines  is  for  the  earliest  cut-off.  In  the  former  position, 
the  arm  is  said  to  be  "  in,"  and  in  the  latter,  "  out."  The  direc- 
tion of  rotation  is  shown  by  the  arrow.  The  governor  will  not 
operate  satisfactorily  if  the  direction  of  rotation  is  reversed  with- 
out making  changes  in  the  governor  itself. 

.\s  the  engine  starts  up,  the  governor  arm  remains  in  the  inner 
position  until  a  certain  speed  is  reached,  when  the  centrifugal 


Fig.  130.  —Inertia  Gwemor. 


force  C.  acting  on  the  weight  arm,  becomet:  sufficiently  great  to 
balance  the  spring  pull.  Then,  with  a  further  increase  in  speed, 
ihf  weight  arm  will  move  out  (the  eccentric  meanwhile  mo\nng 
toward  c)  until  a  sufficiently  early  cut-off  is  obtained. 

Now.  if  the  load  falls  off  the  engine  will  sjieed  up,  and  the 
incrciiM^-d  Cfntrifugal  force  will  cause  ihe  weight  arm  to  move 
<iui  unlit  the  cut-off  is  reduct-d  to  the  proper  amount,  the  action 
bcinj;  just  the  same  as  in  the  case  of  the  centrifugal  go\'emor. 
H.iwiMT.  in  additiciii  to  the  centrifugal  force  acting  on  the  arm, 
ihiTf  \>  .ilso  ail  inertia  force  which  assists  the  mo\-ement. 

Till-  inertia  of  the  weight  arm  acts  in  this  manner:  .As  the 
engine  ^jieeds  up  the  governor  arm  tends  to  continue  to  rotate 
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I  at  its  old  speed,  because  of  its  inertia,  and  hence  lags  behind  the  I 
wheel,  moving  with  respect  to  the  latter  in  the  direction  shown  1 
by  the  arrows  /  and  /  in  the  figure.  It  is  seen  that  this  movement  I 
is  in  the  same  direclion  as  that  caused  by  the  centrifugal  force  C.  l 
Again,  if  the  load  is  suddenly  increased  the  engine  will  slow  down,  1 
hut,  because  of  its  inertia,  the  weight  arm  will  continue  at  its! 
old  speed,  thus  gaining  on  the  flywheel,  and  again  assisting  the! 
CMUrifugal  force  in  changing  the  position  of  the  eccentric  and3 
utright  arm  with  respect  to  the  crank. 

It  is  seen  that  the  inertia  governor  is  primarily  a  centrifugal  I 
gox-ernor,  but  that,  in  addition,  the  weight  arm  is  so  pivoted,  , 
and  has  its  weight  so  distributed,  that  its  inertia  assists  in  mak-l 
ing  ihe  adjustment,  and  that  the  more  sudden  the  change  in  the! 
load  the  greater  will  \>e  the  assistance  it  renders. 

In  this  form  of  governor  the  eccentric,  or  eccentric  pin, 
usually  mounted  directly  on  the  iveight  arm.  Sometimes  the! 
eccentric  is  keyed  directly  to  the  fulcrum  pin  on  the  end  opposite  I 
that  to  which  the  arm  is  fastened.  With  these  arrangements,  I 
in  order  to  hax'e  the  inertia  of  the  weight  arm  act  in  the  right  j 
direction,  the/«/rrutw  pin  must  be  placed  on  Ihe  sidr  of  the  shaft  I 
opposite  to  the  crank  pin,  when  an  "external"  valve  is  used,  and  f 
on  the  same  side  when  the  valve  is  "  internal  "  (Section  143). 

On  "center-crank"  engines  Ihe  governor  is  frequently  placed  ] 
in  the  outer  side  of  the 
wheel,  in  which  case,  since 
the  shaft  does  not  extend 
be>'Ondthe  governor  wheel, 
the  arrangement  can  be 
that  shown  in  Fig.  130.  If, 
howcvxT,  the  governor  is 
placed  on  the  side  of  the 
wlieel  next  to  the  engine 
[  frame,  Ixjih  the  govLrnor 
arm  and  the  eccentric  must 
be  made  to  surround  ilu- 
shaft  in  the  manner  shown 
It  a,  Fig.  130. 

Fig.  131  shows  the  Arm- 
j  Btrong  go\'ernor,  which  is  i)f  the  inertia  type.     The  weighi 
,  mounted  on  the  end  of  the  leaf  spring  S.  and  is  subjected  t 
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trifugal  force  C,  and  also  to  inertia  force  /  or  /'  when  sudden 

change  occurs. 

(d)  For  both  forms  of  shaft  governors  it  has  been  seen : 

(i)  That  there  is  a  definite  speed,  cut-off,  and  power  for  each 

position  of  the  weight  arm. 

(2)  That  when  the  arm  is  "  in,*'  the  speed  is  the  lowest  and 
the  cut-off  is  the  latest;  whereas,  if  the  weight  arm  is  "out,"  the 
reverse  is  the  case. 

(3)  That  an  increase  in  load  decreases  the  speed  and  causes 
the  arm  to  move  '*  in,**  which  gives  a  later  cut-off;  whereas,  the 
effect  of  a  decrease  in  load  is  the  reverse. 

(4)  That,  for  close  regulation,  the  friction  and  inertia  of  the 
valve-gear  parts  must  be  small,  and  especially  is  this  necessary 
when  the  inertia  form  of  governor  is  used. 

(5)  The  adjustments  of  spring  to  obtain  the  desired  degree  of 
regulation,  and  of  weight  to  obtain  the  speed  wanted,  are  made 
in  the  manner  outlined  in  Section  139  (h)  for  the  elementary 
governor. 

There  are  almost  an  unlimited  number  of  forms  of  shaft 
governors,  but  all  of  them  are  merely  modifications  of  those 
which  have  been  described. 


CHAPTER  XIX. 

THE  VALVE  GEASS  OF  STEAM  ENGINES. 

141.  Introduction.  It  is  assumed  that  the  reader  is  already 
familiar  with  the  arrangement  and  operation  of  the  simple  steam 
engine  having  the  plain  slide  valve,  and  that  he  is  able  to  use 
at  least  one  kind  of  "  valve-gear  diagram  "  for  the  analysis  or 
design  of  a  simple  "  D-valvc,"  The  purpose  of  this  chapter  is 
mainly  to  review  certain  definitions,  to  bring  out  certain  con- 
ceptions which  will  be  useful  in  the  later  discussions,  and  to  give 
a  brief  discussion  of  the  different  types  of  valve  gears  used  on 
steam  engines. 

X42,  The  Engine.  Definitions,  (a)  The  crank  end  (C.  E.),  or 
front  end,  of  the  cylinder,  or  valve,  is  the  one  nearest  the  crank. 


MODEL  OF 
ENGINE  c;^^  Eoj 


Fig.  T32. 


or  next  to  the  engine  frame.     The  opposite  end  is  the  head  end 
(H.  E.),  or  back  end. 

(b)  The  forward  (Fd.)  stroke  of  the  piston  or  valve  is  that 
towards  the  crank.     The  return  stroke  is  the  back  (Bk.)  stroke. 
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(c)  Fig.  132  shows  a  model  of  a  simple  single-acting  engine 
with  piston  and  valve  driven  by  crank  and  eccentric  pins  opera- 
ting in  Scotch  yokes,  or  slotted  crossheads.  It  is  evident  that 
with  this  arrangement  the  valve  and  piston  will  have  simple 
harmonic  motions,  and  in  consequence  the  analysis  of  the  valve 
action  is  a  simple  matter. 

The  motions,  with  this  arrangement,  are  exactly  the  same  as 
would  occur  if  the  engine  had  connecting  and  eccentric  rods  oj 
infinite  length, 

(d)  Steam  engines,  of  course,  have  connecting  rods  and  eccen- 
tric rods  of  finite  length,  and  the  **  angularity  *'  of  these  rods 
causes  the  motions  of  piston  and  valve  to  depart  slightly  from 
the  true  harmonic.  The  eccentric  rods  are  usually  so  long,  how- 
ever, when  compared  to  the  radius  of  the  eccentric  crank,  that 
the  departure  in  the  case  of  the  valve  is  negligible.  If  the 
analysis  of  motions  is  to  be  only  closely  approximate,  the  motion 
of  the  piston  may  also  be  taken  as  true  harmonic,  which  simplifies 
the  problem. 

(e)  The  crank  is  on  dead  center  when  the  piston  is  at  the  end 
of  the  stroke,  and  is  then  horizontal  on  horizontal  engines. 
When  the  piston  is  at  the  head  end  of  the  cylinder,  the  crank  is 
on  the  "  head -end  dead  center  ";  when  at  the  other  end,  it  is  on 
the  "  crank-end  dead  center.'* 

(f)  The  eccentric  (ecc.  or  E)  is  really  a  crank  with  pin  of  such 
large  diameter  as  to  surround  the  shaft.  In  the  following  dis- 
cussion the  term  **  eccentric  **  will  be  used  as  applying  to  the 
center  of  this  pin.  Like  other  cranks,  the  eccentric  has  dead- 
center  positions. 

(g)  The  throw  of  the  eccentric  is  the  *'  eccentricity  *'  or  length 
of  the  crank.  (There  is  a  lack  of  agreement  in  the  use  of  the 
term  '*  throw,"  some  using  it  in  the  sense  given  and  others  as 
meaning  the  total  movement  of  the  valve  or  "  travel.") 

143.  The  Valve.  Definitions,  (a)  Fig.  133  shows  the  longi- 
tudinal section  of  a  simple  D-valve  suitable  for  a  single-acting 
engine  which  takes  steam  at  only  the  head  end  of  the  cylinder. 
This  valve  is  arranged  to  admit  steam  to  the  cylinder  past  the 
left  outer  edge  (when  steam  edge  s  of  the  valve  passes  to  the 
right  of  the  steam  edge  S  of  the  port),  and  to  exhaust  the  steam 
from   the  cylinder  past  the  left  inner  edge  (when  the  exhaust 


TUE   VALVE  GEARS  OF  STEAM  ENGIXES 

edge  u  of  the  valve  moves  to  the  left  of  the  exhaust  edge  L 
ihr  port), 

(b)  The  tvidlh  of  the  port  is  the  distance  SU  in  the  figure. 

(e)  The  Viilve  shown  is 
called  an  exUrnal  valve.  If 
the  valve  admitted  sleam  \o 
the  cylinder  past  its  inner 
edge  and  exhausted  at  the 
end.  it  would  be  an  inlernal 
valve,  and  would  have  to  bf 
o(  difTerent  design  from  thai 
shown  here.  Unless  other- 
wise staled,  the  valve  will  be 
assumed  to  be  external. 

(d)  The  t^ms"  steam  chest,"  " exhaust  cavity," 
should  not  need  explanation  (see  Ftg.  133). 

(e)  The  valve  is  central  (or  in  mid-travel),  with  index  at  O  in 
Figs.  132  and  133,  when  the  eccentric  is  vertical,  either  up  or  I 
down. 

(f)  The  lap  of  the  valve  is  the  distance  between  the  valve  edge 
and  the  port  edge  with  which  it  operates,  when  the  valve  is 

i  central-  The  outside  lap  (or  outer  lap)  is  that  of  the  outer  edge, 
and  the  inside  lap  is  the  lap  of  the  inner  edge  of  the  valve.  The 
sleam  lap  (S.  L.),  see  Fig.  133,  and  the  exhaust  tap  (Ex-  L.)  are 
respectivelj'  those  of  the  steam  and  exhaust  edges  of  the  valve. 
The  lap  is  positive  if  the  port  is  closed  when  the  valve  is  cen- 
tral and  negative  if  open.  (Negative  lap  is  sometimes  called 
•  clearance.") 

(g)  The  valve  opening  is  variable  and  is  dependent  on  the  di»- 1 
1  phicement  of  the  valve;  but  the  term  is  usually  understood  i 

referring  to  the  maximum  width  of  the  opening  unless  otherwise-! 
[  Mated. 

(h)  The  travel  of  the  valve  is  the  stroke  or  total  amplitude  of  1 
[  iu  motion.     If  the  valve  is  direct-driven,  the  travel  is  equal  to 
f  the  diameter  of  the  eccentric  circle. 

(i)  The  term  "displacement,"  when  applied  to  the  valve,  will  be 

undfrrstotKl  to  mean  the  distance  the  center  of  that  part  has  been 

ived  from  its  ccniral  position;  and  in  the  case  of  the  eccentric 

i  on  A  horizontal  engine  it  will  be  the  horizontal  distance  from  the 

;r  to  the  vertical  center  li 
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(j)  The  four  periods  of  operatioa  of  the  valve  are  admission, 
expansion,  exhaust,  and  compression. 

(k)  The  four  principal  valve  events  are  admission  {A),  cut-ofF 
(O.  release  {R),  and  compression  (K).  The  four  minor  events 
are  maximum  displacement  of  the  valve  to  the  right  (Jtf).  same 
to  the  left  (m),  valve  central  and  moving  to  the  left  (0,  and 
central  but  moving  to  the  right  (g). 

The  letters  given  in  the  parentheses  in  the  above  list  will  be 
used  to  indicate  the  respective  events  on  the  diagrams  which  are 
to  follow. 

(1)  Unless  it  is  specifically  stated  to  the  contrary,  it  will  always 
be  assumed  in  the  following  discussion  that  the  engine  is  horizontal, 
with  cylinder  to  the  left  of  the  crank  shaft,  that  an  "  external  valve  " 
is  used,  and  that  the  crank  rotates  in  a  clockwise  direction. 

144.  Action  of  the  D-Valve  and  Eccentric,  (a)  When  the 
valve  is  driven  by  a  ^eotch  yoke,  it  is  seen,  by  referring  to  Fig. 
132,  that  (0  the  valve  is  central  when  the  eccentric  is  on  the 
vertical  center  line  OY  through  the  center  of  the  shaft,  (2) 
the  valve  will  be  in  this  position  whether  the  eccentric  OE  is 
vertical  upward  or  downward,  and  (3)  that  at  all  times  the  dis- 
placement X  of  the  eccentric  E  equals  the  displacement  x  of  the 
valve. 

(b)  In  Fig.  133  it  is  seen  that  the  valve  must  be  displaced  to 
the  right  a  distance  equal  to  the  steam  lap  before  opening  to 
steam  occurs,  and  that  any  further  displace- 
ment represents  opening.  In  Fig,  134,  in 
which  the  radius  of  the  circle  equals  the  eccen- 
tric throw,  the  distance  from  the  eccentric 
center  (anywhere  on  this  circle)  to  the  axis 
qQ  is  the  valve  displacement.  On  this  figure 
the  "  steam-lap  line  "  AC  has  been  drawn  at 
,  "  °   -  a  distance  equal  to  the  steam  lap  to  the  right 

^'  '^*'  of  qQ.     Hence  the  steam  edge  is  open  an 

amount  equal  to  the  horizontal  distance  the  eccentric  is  to  the 
right  of  line  AC.  In  Fig.  133  it  is  seen  that  the  valve  must 
be  displaced  to  the  left  a  distance  equal  to  the  exhaust  lap 
before  exhaust  opening  occurs,  and  that  further  displacement 
in  that  direction  represents  the  amount  of  openii^.  In  Fig. 
134  the  exhaust-lap  line  KR  is  at  a  distance  which  equab  tbc 
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exhaust  lap  to  the  left  of  Qq.  Hence  the  exhaust  edge  of  the 
val\'c  is  open  an  amount  equal  to  the  horizontal  distance  that  the 
eccentric  is  from  KR,  if  it  is  to  the  left  of  that  line.  If  the  ex- 
haust lap  is  negative,  KR  will  be  to  the  riglit  of  qQ. 

(c)  Starting  with  the  eccentric  center  at?  in  Fig.  134,  the  valve 
is  evidently  central  and  moving  to  the  right,  since  the  rotation  is 
clockwise.  When  the  eccentric  reaches  A,  the  valve  displace- 
ment equals  the  steam  lap,  and  admission  occurs;  when  at  B,  the 
valve  is  displaced  a  distance  SO  to  the  right  and  its  steam  edge 
is  open  an  amount  equal  to  BD;  at  M  the  valve  has  maximum 
dbplacement  and  maximum  steam  opening;  at  C  the  valve, 
now  moving  to  the  left,  has  displacement  equal  to  the  steam  lap, 
and  cwi-ojf  is  occurring;  at  Q  the  Valve  is  central  and  its  edges  are 
owrlapping  by  amounts  equal  to  the  respective  laps;  at  R  the 
valve  is  displaced  to  the  left  an  amount  equal  to  the  exhaust  tap, 
and  is  opening  to  release;  at  m  the  valve  displacement  is  maximum 
to  the  left,  and  maximum  exhaust  opening  is  reached ;  and  at  K 
the  displacement  is  equal  to  the  exhaust  lap,  so  that  exhaust 
closure  or  compression  is  beginning.  The  amounts  of  openings 
to  steam  and  exhaust  are  shown  by  the  lengths  of  the  horizontal 
section  lines.  Fig.  154  may  be  called  a  rectilinear  diagram  of 
valve  displacements. 

(d)  Note  that  admission  and  cut-off  are  controlled  hy  the 
same  valve  edge  (steam  edge)  but  with  valve  motions  op|K)site, 
This  is  apparent  not  only  from  Fig.  133,  but  can  be  seen  from 
line  AC  in  Fig.  134.  Similarly,  compression  and  release  are 
controlled  by  the  same  edge  {exhaust 
edge).  Valve  events  controlled  by  the 
same  edge  may  be  called  conjugate 
events,  and  it  is  important  to  note 
that  changing  the  lap  affects  in  opposite 
manner  the  two  conjugate  events  which 
the  edge  controls. 

(e)  Fig.  135  shows  a  polar  diagram 
of  valve  diqttacements,  corresponding 
to  the  different  eccentric  positions. 
This  diagram  is  not  necessary  here,  but 
it  will  be  of  use  in  connection  with  a  valve  diagram  which  will 
be  discussed  later.  Given  any  eccentric  position  OE,  the  valve 
displacement  x  —  OB'  is  laid  off  as  OB  along  OE.    The  locus 
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i  is  OA  MCORmK,  which  is  composed  of  two  circles, 
for  displacements  to  the  right  is  shown  by  the  heavy 
that  for  displacements  to  the  left. by  the  light  line- 
ly  eccentric  position  such  as  0£,  the  intercept  OB  is 
e  displacement  (here  to  the  right). 
IC'  is  the  steam-lap  line,  and  is  struck  with    the 
radius.     Arc  RK  is   the   exhaust-lap   line,   with  radiiL 
o  the  exhaust  lap. 

11  the  eccentric  is  at  Oq,  the  valve  is  central;  when  it  ck 
through  0.4,  the  valve  displacement  equals  the  steam  lap 
dniission  occurs;  when  at  OM,  the  displacement  and  stear 
ng  are  maximum;  when  through  OC,  cut-off  occurs;  at 
ah  e  is  central;  when  through  OR,  release  takes  place;  at 
lisplaceinent  and  exhaust  opening  are  maximum;  and  atO. 
prcssion  begins.     The  lengths  of  the  radial  section  lines  sh 
amounts  of  opening  of  the  steam  and  exhaust  edges. 


CB. 


Fig.   130. 


•*•«  ^i« 


i.: 


i    Fig.  136  shows  a  double-end  D-valve 
>uch  as  is  used  on  double-acting  engines. 
The  crank-end  displacement  diagram  wi// 
Iv  ^Inular  to  the  head-end  diagram  ro- 
: . . :  i\  \  t  h rv ^ugh  1 80  degrees. 

145.   ReUtiTe  Valye  and  Piston  Posi- 
tions,     a    Consider  the  piston  driven  by 
^v\  -.v'.  \vvko.  as  in  Fig.  132.     WTien  the 
V   ,r.  V  ;>  .»r.  head -end  dead  center,  as  in 
\  -s    ';^~    '^^  \alve  should  have  opened  a 

calk\i  the  lead,  principally 
irarvx*  space  and  replace  the 


^ach; 


<,         V      .i 


V '  .,vu  '.\v.;.:v  *  ;\  :  Tt  :hr  stroke  starts.    Hence 
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f^e  eccentric  at  this  time  must  be  at  OB^  with  displacement  equal 
^  lap  plus  lead.  The  angle  a  =  qOB  is  called  the  angle  of 
'^ance,  and  it  is  seen  that,  for  the  valve  to  have  lead  and  the 


6 


rii^  r^I^  CZ^^CZ^ 


Fig.  138. 

?r  direction  of  motion  when  the  crank  is  on  dead  center,  the 
-  ^^^tric  must  precede  the  crank  by  an  angle  equal  to  90  degrees  plus 
^/^  of  advance.  Thus  if  rotation 
^^  counter-clockwise  the  eccentric 
*y^]d  be  at  OB^  when  crank  is 
OP. 

CV))  Fig.  138  shows  the  successive 
^tiical  crank  positions  during  one 
^^plete  revolution  of  the  crank. 
^f?se  crank  positions  are  located 
>^  +  a  behind  the  corresponding 
-centric  positions.  The  figure  also  - 
>ows  the  development  of  the  indi-  a 
^tor  diagram  during  the  revolution.    1 

Q 

146.   Elliptical  Diagram.   To  show    I 
t  a  glance    the    simultaneous   dis*- 
>lacemcnts  of  the  valve  and  piston 
hroughout  the  complete  rexoliition 
)f  the  engine,  the  displacements  of     ^'^'-  139.  -  T^Hiptiral  Diagram. 

:he  valve   may  be  plotted   as  ordinates  on   the  corresponding 
x>sitions  of  the  piston  as  abscissas.      These  coordinates  can  be 


278  BEAT-POWEX  ESGINEEBISG 

obtained  directly  from  the  corresponding  crank-pin  and  eccentric 
positions,  as  shown  in  Fig.  159  (a),  or  may  be  obtained  from  other 
valve  diagrams  which  nill  be  discussed  later.  The  resulting 
figure  is  an  ellipse,  as  shown  in  Fig,  139  (i),  in  which  valve  di^' 
placements  to  the  right  are  po^tive  ordinates  and  those  to  the 
left  negative. 

Lines  AC  and  RK  ate  the  head-end  steam  and  exhaust  lines 
and  are  drawn  at  distances  from  gQ  equal  to  these  respecti\'e 
laps.  (If  the  exhaust  lap  is  negati^'e,  RK  will  be  above  j^.) 
The  valve  e\ents  are  lettered  in  accordance  with  the  notation 
adopted  in  Section  143  (k).  The  valve  openings  are  shown  by 
the  lengths  of  the  section  lines.  The  opening  at  the  beginning 
of  the  stroke  is  the  lead. 

It  an  indicator  diagram  for  the  head  end  were  drawn  just 
below  Fig.  139.  the  piston  positions  for  the  valve  events  could  be 
found  by  vertical  projection. 

As  both  ends  of  the  valve  have  the  same  displacement,  the 
same  ellipse  would  be  used  for  the  crank  end,  but  the  steam  lap 
would  be  located  below  and  the  exhaust  lap  above  g^  (if  positive)  - 

The  elliptical  diagram  shows  at  a  glance  the  complete  action. 
of  the  valve,  and  shows  how  the  valve  opening  varies  with  the 
piston  ix>siti()ns.     The  part  of  the  diagram  above  the  steam-laiP 
line  may  be  considered  as  a  Diagram  of  Steam  Openings.     Simi- 
larl>-,  that  part  Ising  l>elow  RK  is  a  Diagram  of  Exhaust  Opexs- 


V\g.  140.  —  Swoct  Uiagrum. 
147.   The  Sweet  Diagram.     In  Fig.  140  (a)  is  shown  a  dJ^jpaip 
of  valve  and  eccentric  displacements  similar  to  Fip.   i^.  and 
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Fig.  140  (6)  shows  the  diagram  rotated  backward  (counter- 
clockwise) through  an  angle  of  90°  +  a,  which  is  the  angle  at 
iR^iich  the  crank  follows  the  eccentric.  When  the  crank  is  at  any 
location  OP  in  Fig.  140  (a)  and  eccentric  at  corresponding  posi- 
tion OB,  the  valve  displacement  is  oB  and  its  opening  is  DB. 
In  Fig.  140  (6),  with  crank  in  same  position  OP,  the  distance  oB, 
measured  perpendicularly  to  qQ,  gives  the  valve  displacement, 
and  DB  is  the  valve  opening.  Thus  the  valve  displacement  and 
opening  for  any  crank  position  can  be  obtained  directly  from 
Fig.  140  (6),  which  is  called  the  ''  Sweet  Diagram,"  and  there  is 
no  necessity  of  finding  the  corresponding  eccentric  position. 

In  constructing  the  Sweet  diagram  a  circle  is  drawn  with 
radius  equal  to  the  eccentric  throw;  the  axis  qQ  is  at  angle  a 
with  OX;  and  lap  lines  i4C and  RK  are  drawn  at  distances  from 
gQ  equal  to  the  laps.  OP  a  is  the  crank  position  for  admission; 
OMy  for  maximum  displacement;  OPc,  for  cut-off;  OQy  for  valve 
central;  OPr,  for  release;  OPr,  for  compression.  The  openings 
are  shown  by  the  lengths  of  the  section  lines,  and  when  the  crank 
is  on  head  dead  center  the  opening  is  the  lead.  The  foregoing  is 
for  the  head  end  of  a  valve  having  positive  exhaust  lap.  If  the 
exhaust  lap  is  negative  RK  would  be  above  qQ.  For  the  crank 
end  of  the  valve  the  steam  lap  would  be  located  below  qQ,  and 
the  exhaust  lap,  if  positive,  above  that  line.  The  little  "  Pilot 
Diagrams  "  show  the  relation  of  crank  and  eccentric  for  all  valve 
events. 

The  elliptical  diagram  can  be  obtained  from  Fig.  140  (b)  by 
using  distances  oB  as  ordinates  on  the  horizontal  projection  of 
the  crank  pin  P. 

148.  Zeuner  Diagram.  In  Fig.  141  (a)  is  shown  a  polar  dia- 
gram  of  valve  and  eccentric  displacements  similar  to  Fig.  135, 
and  Fig.  141  (6)  shows  the  same  diagram  rotated  backward 
through  the  angle  90^  -^  ^-^  In  Fig.  141  (a),  when  the  crank  is 
at  OP  and  eccentric  at  0£,  the  valve  displacement  is  OB  and 
its  opening  is  DB.  In  the  Zeuner  diagram,  Fig.  141  (h),  with 
crank  in  the  same  position  OP,  OB  is  the  displacement  and  DB 
is  the  opening.  The  crank  positions  for  all  events  (major  and 
minor)  are  shown  and  lettered  on  the  figure,  and  the  lengths  of 
the  radial  section  lines  show  the  valve  openings  for  the  different 
crank  positions.    The  lead  is  the  opening  when  the  crank  is  on 
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dead  center.     The  Zeuner  diagram  for  the  crank  end  is  similx^a 
to  that  for  the  head  end  rotated  through  i8o  degrees.     In  Fig^:" 


141   (b)  the  "  Pilot  Diagrams  "  show  the  relative  positions  of 
crank  and  eccentric  at  all  valve  events. 

The  elliptical  diagram  can  be  easily  obtained  from  the 
Zeuner  diagram. 

149.  Bilgram  Diagram,  (a)  The  foregoing  diagrams  are  useful 
for  analyzing  the  action  of  a  valve  when  its  dimensions  and  those 
of  the  eccentric  are  known.  They  are  dit!icuit  to  use,  however, 
in  designing  a  new  valve  gear,  that  is,  in  determining  the  valve 
laps  and  the  eccentric  throw  and 
angle  of  advance,  which  will  give  a 
^proposed  steam  distribution  in  the 
"cylinder,  with  sjiecified  widths  of 
openings.  The  Bilgram  diagram 
has  the  advantage  that  it  can  be 
readily  used  either  for  analysis  or 
for  design. 

(b)  Fig.  142  shows  the  principle  of  the  Bilgram  diagram. 
On  it  the  line  OQ  is  made  equal  to  the  eccentric  throw  and  is  at 
angle  a  (the  angle  of  advance)  with  OX.  Q  is  a  fixed  point  on 
this  diagram  and  is  called  the  Lap-Circle  Center.  The  Funda- 
mental Principle  on  which  the  construction  and  use  of  the  Bil- 
gram diagram  is  based  may  be  stated  thus:  The  length  of  the  per- 
pendicular (QD  in  Fig.  142)  from  the  lap-circle  center  (Q)  to  the  crank 
(OP),  produced  if  necessary,  is  the  valve  displacement  correspotiding 


Fig.  14^.- 


Diagram. 


THE   VALVE  GEARS  OF  STEAM  ENGINES  281 

io    ihai  crank  position.    Proof.  —  When  the  crank  is  on  dead 

center  (at  OP'  in  Fig.  142)  the  eccentric  is  at  OE  and  angle 

EOY  =  a.     Now  if  the  crank  rotates  through  angle  /3  to  OP, 

tJie  eccentric  moves  through  the  same  angle  to  B,  and  the  valve 

then  has  displacement  equal  to  D'B,     Now  angle  QOX  =  a 

and  XOD  =  /3.     Then  if   QD  is  drawn  perpendicular  to  OP 

Cproduced),  it  is  evident  that  triangles  OQD  and  OBD'  are  equal 

arid  that  QD  =  D'B\  hence  the  perpendicular  QD  gives  the  valve 

displacement  when  crank  is  at  OP,  which  proves  the  "  funda- 

'^ental  principle." 

The  term  *'  perpendicular  "  used  in  connection  with  the  Bil- 
S^a  m  diagram  will  hereafter  be  understood  to  refer  to  the  length 
^^  perpendicular  dropped  from  Q  to  the  crank,  produced  if 
'^^^^essary. 

The  elliptical  diagram  can  of  course  be  constructed  by  using 
^h^^se  perpendiculars  as  ordinates  on  piston  positions  as  abscissas. 

(c)  Evidently  the  feet  of  the  perpendiculars  will  be  on  a  circle 
^"it:h  OQ  as  diameter,  as  in  Fig.  143.  By  subtracting  the  lap 
^"■^^m  the  displacement  perpendiculars,  the  openings  of  the  valve 
^*"^  obtained. 

In  Fig.  143,  with  Q  as  center  and  radius  equal  to  the  steam 
*^F>,   the  steam-lap  circle  BF  is  drawn;   hence   the  lengths  of 


I''ig-  143- 

the  section  lines  (drawn  radially  from  Q)  in  this  figure  give  the 
steam  openings  for  the  head  end  of  the  valve.  Then  OA  (whose 
extension  is  tangent  to  the  lap  circle)  is  the  crank  position  for 
admission,  as  the  valve  displacement  (as  shown  l)y  the  length  of 
perpendicular)  just  equals  the  steam  lap.     At  OP  the  opening 


-  #  - 
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, .  ir.tr  srnaiier  circK 

7       -       ;'^  ^le  crank  positic 

/      '^-^-7  haust  events.  ha\ 

/  \^y^ '    i.:.  The  small  circle  i- 


i-"'-  i-T^'-i.-'trr.rrr.:  if  ^TJI':  *:  OJ/ the  opening  is  maximum  and 
- .  .  3  i-  :•_  -j>r  :c*r.iz:^  is  zero  aad  cut-off  occurs.  When 
-=..-*:  _?  ,r.  -r2st-Tr.'i  irisif  recter  the  opening  L  is  the  lead. 

>r    -ompieterf  Bilgram  diagram  for  the 

Cimpined  with  Rg.  143.  it  is  seen  that 

the  smaller  circle  about  Q,  and 

k  positions  for  theex- 

ive  been  added. 

is  the  Ezfaaust- 

^  ^  --  *     L*p  Circle,  i»-ith   radius  equal 

^^  ^  *'***     tj  the  exhaust  lap.     If  release 

-'"'^'^  is  to  occur  when  the  crank  is 

'    '  in  position  OR,  the  exhaust-lap 

circle  must  be  tangent  to  this 
I  line,  for  then  the  valve  displace- 

*  "  '~  ment  (as  shown  by  the  length 

•  :  •-•.-  z*:zz*cr/\v.'i\-ixz    i-  equal  to  the  exhaust  lap. 

V  T-.r.  :hv  vTir.k  •  ■•incided  with  0()the\-alve  i^'as  central, and. 
•:r.  ••  in  :h:-  < ;x't<  :he  valve  does  not  open  until  the  crank  has 
r  •  :•■  i  '  !'>  k-AJ-^.-  pa-:  OQ.  the  valve  is  closed  when  central, 
t:.'  r-  :'  r».-  •h«-  •.-\h.tii-i  lap  is  positive. 

e  Tht-  :»"rti'»n>  «>f  the  perpendiculars  beyond  the  exhaust- 
lap  '  ir*  M-  nprcMrnt  cxhau-t  openings.  Evidently  exhaust  closure, 
c.r  '"":p »-':">:.  ^ike-  place  when  the  extension  of  the  crank  is 
t.iri^«  lu  iM  the  upptT  side  of  the  lap  circle;  thus  OK  is  the  crank 
|n»-iTiMn  for  <.'»rT^prt->ion.  When  the  crank  coincides  with  Oq  the 
\iil\<'  i-  rrntrai:  .iiid.  >inre  in  this  case  the  exhaust  lap  is  posi- 
ti\<.'.  ih«-  t\haii-*t  <'lnsur(.-  must  take  place  before  the  valve 
na(  In--  ctntral  f)«»-itinn;  hence  OK  is  below  Oq  in  this  case,  as 
ihr  pitation  i<  <'l()ckwi><*. 

If  the  e\hau>t  ed^e  has  negative  lap,  the  crank  jX)sition  OK 
would  Ik-  tangent  to  the  upfKT  side  of  the  exhaust-lap  circle, 
and  the  extension  of  OK  would  be  tangent  to  the  under  side. 

if  I  The  application  to  design  problems  when  certain  definite 
ciii-otf.  lead  oju-ninj.;,  and  maximum  valve  opening  to  steam  are 
re(iiiired.  is  as  f(illow>:  In  V\^.  145,  for  the  H.E.  of  the  valve, 
start ini;  with  the  X  and  ^'  axes,  draw  the  desircxl  crank  position 
{){ '  for  eiit-off :  draw  a  line  (L)  parallel  to  OX  and  above  it  at  a 
distance  e(|ual  to  the  s])ecified  lead;  and  with  0  as  center  and 
radius  ecjual  to  the  desired  maximum  valve  opening  strike  an 
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C.E. 


Fig.  145. 


arc  B  in  the  position  shown.  From  what  has  gone  before,  it  is 
evident  that  the  steam-lap  circle  must  be  tangent  to  these  three 
lines.  The  location  of  its 
center  Q  can  usually  be 
found  as  quickly  and  as 
accurately  by  trial  as 
by  geometrical  construction. 
Having  the  point  Q  deter- 
mined and  the  steam-lap  cir- 
cle drawn,  the  diagram  then 
shows  the  steam  lap  and  the 
throw^  and  angle  of  advance 
of  the  eccentric,  which  must 
be  used  to  obtain  the .  de- 
sired results. 

If  OK  in  Fig.  145  is  the 
desired  crank  position  for 
compression,  the  exhaust-lap  circle  would  be  drawn  tangent  to 
the  extension  of  this  line,  with  center  at  Q  just  found,  and  its 
radius  will  equal  the  exhaust  lap.  Whether  the  exhaust  lap  is 
positive  or  negative  can  be  determined  in  accordance  with  (e) 
in  the  foregoing  discussion. 

(g)  For  the  crank  end  of  the  valve,  the  Bilgram  diagram  would 
be  similarly  constructed  but  rotated  180  degrees  with   respect 

to  the  diagram  for  the  head 
end.  Q  and  q  must  of  course 
be  diametrically  opposite 
each  other.  Fig.  146  shows 
the  crank-end  Bilgram  dia- 
■  gram  separately;  *  it  is  usu- 
ally, however,  drawn  super- 
imposed on  the  diagram  of 
the  head  end. 

150.  Distortion  Due  to 
Angularity  of  the  Connecting 
Rod.  In  Fig.  147  0  is  the 
middle  of  the  stroke  and  the  distance  oO  is  equal  to  the  length 
of  the  rod  aP.  If  an  infinite  rod  is  used,  the  displacement 
of    the    piston    oa   will    of   course   be   equal    to  the  displace- 

*.  With  negative  exhaust  lap  (shown  dotted). 


Fig.  146. 


r  Tj^,  ;^  .^  -B  -^±  ir  rfz^stl  —  OA .     If.  bGve\^er.  a  finite 

^v^,  :.->t>^  -:jK.ii*:iKz*Ki-^  -w-Z  =i-r  te  equal.     For.  if  the 

-V:  rv:  ;  --  icrcr   Trju5:fLar>   ii>d  tbe  ccber  end  P  k 

,  --TiMcpia:  and  svung  to  A\ 

'JZfrfT.  oc  "■■in  be  equal  toO-4'. 
Th£-:h  i*  seec  lo  be  greater 
.  ^,       -^    rr-sn  0.4.     I:  mill  be  found 

'Jt^i    no    matter   where  the 

•rrark  isw  -4'  m-ill   always  be 

}\j  .i-  :o  :he  ri«:ht  erf  .4.     It  is  e\> 

dert    that,    owing    to    the 


"  angiiUrity  "  of  •?-.'.-  ronrectir.g  rod.  if  one  of  finite  length  is 
M-^^:  :/:<  fK'.tor,  ::  c.*--*:;. :  K-ccr^r  ;^<r  .:»'(ziie  end  of  the  stroke  than 
i'  -Ao^id  \^:  id*:5i!iy.  except  of  course  when  it  is  at  the  end  of  its 
-Toke. 

]•  follo-A-.  that :  7*^^  znke  ezents  occur  later  icitk  respect  to  piston 
p^r.ition:  during  the  fomard  stroke  and  earlier  in  the  return  stroke 
th.iii  thcv  would  with  the  Scotch  voke.  but  their  mean  is  the 
-arri'-  ;i-  thi^.  Iafl«rr  jjive^s  if  the  laps  are  equal. 

Th'-  di-tanre  A  A'  i-  the  *'  distortion  due  to  the  angularity  of 
Th<'  r'xl  "  and  i-  f-qual  lo  the  difference  between  the  length  of 
tlH-  ro  1  arui  ii-  horizrmtal  projection.  This  distortion  is  greatest 
\s  h<ri  tin:  (  rank  i-  at  rij^jht  angles  to  the  center  line  of  the  engine, 
and  rlir  n-a-«-  to  z<:ro  at  the  ends  of  the  stroke.  The  shorter  the 
l.fi^th  of  \\u-  r^i  when  comf>art*d  lo  the  crank  radius,  the  greater 
i-^  tlii-  n'lati\<-  di-lorlion. 

If  the  rJianntcr  of  the  crank  circle  -Y-Y'  represents  the  stroke 
of  ijic  |>iston.  tlun.  having'  any  ix>silion.  such  as  A\  the  conre- 
^|)oiifliii^  l>o^ition  of  th<*  rrank  pin  P  may  of  course  be  found  by 
(Iriiuin^  thf  "  conncciinj^-nKl  arc"  A'P\  or  if  P  is  known  at 
th«'  -lart.  J'  may  be  found  from  it  in  a  similar  manner. 

'\\\i-  angularity  of  the  eccentric  rod  can  l>e  neglected  in  most 
(.i-«-,  a^  thf  hmI  \>  Usually  very  long  when  compared  with  the 
^^^  »  ciiiric  throw. 

I  SI.  Valve  Diagrams  Considering  "  Angularity  "  of  the  Con- 
lu^cting  Rod.  fa)  All  the  \alve  diagrams  discussed  show  the 
iiiic  positions  of  the  crank;  therefore  if  the  positions  of  the  pis- 
ton .lie  not  lu-in^  considered,  hut  only  those  of  the  crank,  the 
.inLiil.irit\  of  the  connecting  rixl  would  not  affect  the  diagram. 


THE   VALVE  GEARS   OF  STEAM   ENGINES  2&$ 

U,  however,  after  the  crank  positions  have  been  found,  the  true 
positions  of  the  piston  are  desired,  it  will  then  be  necessary  to 
consider  the  angularity.  Having  already  determined  the  crank 
positions,  the  corresponding  true  position  of  the  piston  would 
be  found  by  drawing  the  connecting-rod  arcs  in  the  manner 
shown  in  Fig.  148  (a),  {b),  (c)  for  the  Sweet,  Zeuner,  and  Bilgram 
diagrams.  Should  the  piston  positions  be  known  at  the  outset, 
then  by  drawing  similar  arcs  the  true  crank  positions  can  be 
found,  and  these  would  be  used  in  constructing  the  rest  of  the 
diagram. 

In  the  elliptical  diagram,  Fig.  148(d),  it  is  evident  that  the 
angularity  causes  all  points  on  the  ellipse  to  be  displaced  toward 


Fig.  148. 


the  crank  end  of  the  stroke.  The  resulting  figure  is  of  oval 
shape,  in  consequence  of  which  the  diagram  is  sometimes  called 
the  "  Oval  Diagram." 

(b)  Owing  to  the  effect  of  the  angularity  of  the  connecting 
rod,  the  piston  displacement  for  similar  events  in  the  two  strokes 
of  a  double-acting  engine  will  not  be  equal  if  the  laps  on  the 
two  ends  of  the  valves  are  the  same.  It  is  possible  to  "  equal- 
ize "  the  cut-offs  by  using  unequal  steam  laps,  but  in  that  case 
the  conjugate  events  (admissions)  are  unequal.  Similarly,  the 
compressions  can  be  "  etjualized  "  by  using  unequal  exhaust 
laps,  but  then  the  releases  will  be  unequal.*  Equalization  may 
also  be  accomplished  by  using  special  arrangements  of  rockers 
between  eccentric  rod  and  valve  rod.  This  matter  is  discussed 
fully  in  most  books  especially  devoted  to  valve  gears,  and  will 
not  be  considered  further  here. 

152.  Valve  and  Port  Openings.  For  the  rate  at  which  the 
steam  is  supplied  to  the  cylinder  to  be  always  equal  to  the  rate 

ip  would  be  zero  if  the 


•  Except  in  the  special  case  in  which  the  twhai 
"  angularity  "  of  the  connecting  rod  were  neglected. 
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at  which  volume  is  made  available  by  the  piston,  the  following 

expression  must  be  satisfied : 

av  ^  AV (273) 

in  which 

a  =  area  of  passage  (sq.  in.,  usually); 

A  =  area  of  piston  (same  unit) ; 

V  =  velocity  of  steam  (ft./min.,  usually); 

V  =  velocity  of  piston  (same  unit). 
Then 

a  =  AV  -7-  V.     .     ..     .     .     .     (274) 

Valves  are  usually  designed  to  have  a  maximum  area  of 
opening  which  corresponds  to  a  velocity  (v)  of  steam  which  has 
been  found  by  experience  to  give  satisfactory  results.  The 
maximum  valve  opening  (a)  is  computed  by  using  Eq.  (274),  in 
which  V  is  the  mean  piston  velocity  (equal  to  2  X  stroke  in 
feet  X  r.p.m.),  and  v  has  a  value  which  in  practice  varies  from 
6000  to  10,000  feet  per  minute,  but  is  usually  about  8000  feet 
per  minute  in  simple  engines. 

In  designing  the  gear  with  single  valve,  it  is  generally  only 
necessary  to  see  that  the  steam  opening  of  the  valve  is  sufficiently 
large,  for  the  exhaust  opening  will  always  be  more  than  is  re- 
quired because  the  exhaust  lap  is  very  much  smaller  than  the 
steam  lap. 

The  width  of  the  valve  opening  (used  in  constructing  the  valve 
diagrams)  is*  of  course  equal  to  the  area  of  opening  divided  by 
its  length.  This  length  is  nearly  always  equal  to  the  length  of 
port  across  the  cylinder. 

In  case  a  simple  valve  is  used,  the  area  of  the  port  in  the 
cylinder  should  be  sufficient  for  accommodating  the  exhaust 
steam j  as  the  same  passage  is  used  for  both  the  entering  and 
the  outgoing  vapor.  Its  area  may  be  determined  from  Eq. 
(274),  using  for  the  steam  velocity  (v)  from  4500  to  7000  feet 
per  minute,  but  about  6000  is  usual  in  simple  engines.  This 
area  is  then  more  than  is  needed  for  the  admission  of  steam. 

If  the  exhaust  passage  is  separate  from  the  steam  {passage, 
this  latter  can  have  area  about  equal  to  the  maximum  valve 
opening  to  steam. 

153.  Cushioning  the  Reciprocating  Parts,  (a)  First  suppose 
there  is  no  compression.  Then  when  the  piston  approaches  the 
end  of  its  stroke  the  effective  steam  pressure  and  the  inertia  erf 
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the  reciprocating  parts  are  both  acting  towards  that  end  of  the 
stroke,  taking  up  the  slack  in  the  bearings  of  the  reciprocating 
parts.  Now,  when  the  steam  is  admitted  on  the  other  side  of 
the  piston,  the  pressure  on  the  bearings  is  reversed  more  or  less 
suddenly.  With  reciprocating  parts  of  small  weight,  and  with 
high  steam  pressure,  this  reversal  will  be  very  sudden,  and  if 
there  is  much  "  play  "  in  the  bearings  (and  there  must  always 
be  a  little)  the  consequent  impact  or  "  hammering  "  will  cause 
excessive  stresses  in  the  impinging  parts,  and  will  render  the 
operation  of  the  engine  noisy. 

(b)  One  method  of  preventing  the  occurrence  of  these  unde- 
sirable features  is  to  make  the  weight  of  the  reciprocating  parts 
so  great  that  their  inertia  will  oppose  the  pressure  of  the  enter- 
ing steam  sufficiently  to  cause  the  play  in  the  bearings  to  be 
taken  up  gradually,  thus  preventing  impact.  But  as  the  inertia 
forces  are  free  forces  which  tend  to  move  the  engine  on  its  founda- 
tion, it  is  usually  desirable  to  have  them  small,  even  when  counter- 
balancing is  attempted ;  so  this  method  is  usually  unsatisfactory. 

(c)  Another  method  is  to  arrange  the  valve  to  open  grad- 
ually, but  this  is  accompanied  by  a  more  gradual  cut-off,  which  is 
undesirable. 

(d)  The  best  method  is  to  gradually  reverse  the  pressure  on 
the  bearings  by  introducing  compression;  then,  when  admission 
takes  place,  there  is  no  play  to  be  taken  up  and  consequently  no 
impact. 

It  is  possible  to  compute  the  inertia  force  of  the  reciprocating 
parts  at  the  end  of  the  stroke.  Then  in  order  to  reverse  the 
pressure  on  the  bearings  the  steam  pressure  at  the  end  of  com- 
pression should  equal  or  be  greater  than  this  inertia  force  plus 
the  steam  pressure  on  the  other  side  of  the  piston. 

154.  Early  Valve  Opening,  (a)  If  steam  is  admitted  just  as 
the  new  stroke  begins,  the  pressure  will  not  rise  immcniiately  to 
the  value  in  the  steam  pipe  because  (i)  the  valve  opens  grad- 
ually, (2)  the  clearance  space  must  be  filled,  and  (3)  a  large 
proportion  of  the  entering  steam  is  liquefied  by  cylinder  conden- 
sation. Hence  it  is  necessary  to  have  the  valve  open  before  the 
commencement  of  the  stroke;  that  is,  the  valve  is  given  "lead." 
As  the  clearance  volume  is  constant,  the  lead  and  crank  angle  at 
which  opening  occurs  should  be  constant  regardless  of  variations 
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in  cut-off,  if  the  speed  of  the  engiiie  is  uniform.  The  higher  the 
speed  and  the  less  the  compreseioii,  the  earlier  should  the  openiq; 
of  the  \-al\ie  occur. 

b  In  order  to  ha^-e  the  steam  pressure  drop  to  that  of  ex- 
haust by  the  time  the  end  of  the  stroke  is  reached,  the  exhaust 
edge  of  the  \-al\-e  is  gi^'en  lead,  causing  "  tmdf  reieaae.*'  As  re- 
lease and  compression  are  conjugate  e\-ents^  the  fixing  of  one  of 
the<e  e\'ents  determines  the  other.  Often  it  is  not  possible  to 
have  both  occur  as  desired,  in  which  case  a  compromise  must 
be  made. 

155.  TmiH«*^^«  of  the  Simple  Talro.  It  is  impracticable  to 
have  cut-off  occur  early  in  the  stroke  with  the  simple  D-valve 

because,  in  order  to  obtain  a  satisfactory 
width  of  opening  in  such  cases,  it  is  found 
(i)  that  the  ^'alve  and  eccentric  are  ex- 
cesa\-ely  large  (and  consequently  the 
val\*e  gear  must  work  against  great  frip- 
ticm  and  inertia  forces)*  and  (2)  that  the 
rdease  and  compression  occur  too  eariy 
in  the  stroke. 

Fig.  149  is  a  Bilgram  diagram  for  a 
valve  cutting  off  at  one-fourth  stroke. 
If  the  scale  is  such  that  the  maximum 
opening  to  steam  is  one  inch,  it  is  seen 
that  all  of  the  foregoing  statements  are  true.  The  simple  D-val\'e 
is  n(>t  used  with  cut-offs  much  earlier  than  five-eighths  stroke. 

Ordinarily,  the  Ix^st  economy  in  a  simple  engine  is  obtained 
when  cut-off  is  at  about  one-fourth  stroke;  hence  the  ^mple 
hiide  valve  should  not  be  used  when  economy  is  important. 

156.  Special  Types  of  Single  Valves,  (a)  By  increasing  the 
length  of  the  steam  edge  of  the  valve  a  reduction  can  be  made 
in  the  port  width,  laps,  travel,  and  eccentric  throw;  but  there  are 
practical  limitations  to  increasing  the  length  of  this  edge  in  the 
sim|)le  flat  valve. 

(b)  Piston  Valves,  Fig.  150,  which  may  be  looked  upon  as 
flat  valves  rolled  into  cylindrical  shape,  may  have  greater  length 
of  edy^e  (equal  to  the  circumference)  than  the  simple  flat  valve, 
without  having  prohibitive  size.  Fig.  150(a)  shows  an  "exter- 
nal "  piston  valve;  Fig.  150  (6)  shows  an  *'  internal  "  one. 


Fig.  149- 


(c)  Multiported  Valves,  in  which  there  are  two  or  more  work- 
ig  edges,  are  frequently  used.     Fig.    151   shows  a  "Double- 


B;seCTlb 
-  Double-ported  Marine  Valves. 


ported  Marine  VaJve,"  each  end  of  which  has  two  steam 
end  two  exhaust  edges. 

(d)  Some  valves  have  auziliaiy  ports  in  them  so  arranged  as 
to  give  multiported  action.     An  example  of  this  is  tlie  Allen  or 

li  Valve  shown  in  Fig.  152,  This  valve 
has  an  auxiliary  passage  aa'  and  valve  seat 
>  arranged  that,  as  the  valve  moves  to 
Ihe  right  in  the  figure,  the  edge /opens 
nultaneously  with  the  main  steam  edge  y. 
The  exhaust  is  single- ported. 

Considering  the  valve  as  moving  to  the 

ight.  the  phases  of  opening  of  the  steam 

dge  are:  (t)  " Dotible-ported"  action  while 

Clges  /  and  y  open   at    the    same  rate,     fik-  151.  — Allen  Valve. 

This  continues  until   the  auxiliary'  port  a 

I  wide  open,     (2)  With  movement  continuing,  Fig.  152  (6),  the 
pening  at  y  increases  but  that  through  a   remains  constant, 


^% 


^ 
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I.e.,  the  opening  is  **  single-ported  plus  a  constant.'*  This  con- 
tinues until  a'  in  Fig.  152  (c)  becomes  throttled  by  the  exhaust 
edge  of  the  valve  seat.  (3)  As  the  opening  at  a'  is  then 
decreasing  (as  the  valve  continues  to  the  right)  at  the  same 
rate  as  that  at  edge  y  is  increasing,  the  effective  area:  remains 
*'  constant.'*  (4)  If  the  movement  is  sufficient  to  completely 
close  a',  the  valve  becomes  "  single-ported.'*  Now  if  the  valve 
returns  to  the  left  to  close,  the  effective  openings  will  decrease 
in  the  reverse  order. 

The  openings  of  the  steam  edge  of  an  ordinary  valve  are 
shown  by  the  sectioned  part  above  the  steam-lap  line  of  the 

elliptical  diagram  in  Fig.  139. 
This  is  also  shown  (somewhat 
distorted)  by  the  light  line  in 
Pig-  153-  The  heavy  lines  in 
this  figure  show  the  character 
Pj  "of  the  openings  when  an  Allen 

valve,  like  that  just  described, 
is  used.  Note  that  the  smaller  openings  are  affectecLmore  than 
the  larger  ones. 

Piston  valves  similarly  arranged  have  been  used  (Armington- 
Sims  valve). 

(e)  The  Sweet  Valve  shown  in  Fig.  154  is  another  valve  hav- 
ing an  auxiliary  port.  This  valve  is  a  rectangular  piston  valve 
which  slides  between  the  valve  geat  and  a  "  balance  plate," 
which  latter  is  supported  by  distance  pieces  so  as  to  just  clear 
the  valve.  The  face  of  the  balance  plate  is  similar  to  the  face 
of  the  valve  seat.  All  sliding  surfaces  are  scraped  to  give 
sufficient  clearance  for  free  movement  of  valve  but  not  enough 
to  permit  of  appreciable  leakage  of  steam.  The  valve  has 
separate  auxiliary  ports  a  at  each  end,  which  causes  double- 
ported  action  through  at  least  part  of  the  opening  of  the 
valve. 

Referring  to  Fig.  155,  it  is  seen  that  as  the  valve  moves  to 
the  right  the  phases  of  opening  of  the  steam  edge  are  the  same 
as  those  of  the  Allen  valve;  thus  there  is  (i)  '*  double  opening,** 
with  y  and /opening  together;  (2)  *'  single-ported  plus  a  constant,*^ 
when  /  becomes  greater  than  a;  (3)  *'  constant^**  when  a  is  being 
closed  by  the  exhaust  edge  of  the  valve  seat  at  same  rate  that  y 
is  opening;  and  (4)  ''  single-ported,*'  when  a  is  entirely  dosed  by 
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the  exhaust  edge.  The  areas  during  closure  decrease  in  theM 
reverse  order. 

The  auxiliary  port,  or  another  one,  may  be  so  arranged  as  tafl 
assist  during  the  exhaust. 

(J)  A  combination  of  the  Allen  and  Sweet  arrangements^ 
gi\'es  quadniple  openings  (Woodbury  valve) ,  and  there  are  many  I 


'.  other  forms  of  such  valves.     I 
\  boc^s  on  \'alve  Gears. 

(g>  Valve  Frictum  is  undesirable,   not  only  because  of  the  I 
I  waste  of  power  it  causes,  but  i>ecause  it  may  disturb  the  action  T 
[  of  ihe  governor,  if  one  is  used.     The  whole  back  of  the  simple  j 
]  D-valve  h  subject  to  full  steam  pressure,  while  the  larger  part 
[  a(  the  under  side  is  exposed  to  the  exhaust  pressure.     The  un- 
I  Italaiiccd  pressure  causes  excessive  wear  and  friction  loss  at  the 
I  rubbing  surfaces.     To  reduce  tliis  unbalanced  pressure,  various 
[  »cheine»  of  "balancing"  are  used.     The  simplest  is  the  use  of  J 
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a  piston  valve  which  is  perfectly  balanced  except  for  its  weight. 
The  Sweet  type  of  valve  is  practically  the  equivalent  of  the  piston 
vahe  in  this  respect.  Some  valves  have " balance  or  eqiuUbrinm 
rings  "  on  their  backs  (like  that  shown  in  Fig.  156)  so  arranged 
that  the  area  within  the  ring  is  subject  to  exhaust  pressure  and 
is  alx>ut  et]ual  to  the  area  subjected  to  exhaust  pressure  on  the 
under  side.  However,  in  such  cases  there 
should  always  be  enough  unbalanced  pres- 
sure to  maintain  steam-tightness  between 
valve  and  seat. 

(h)  In  case  there  should  be  entrapped 
in  the  cylinder  a  quantity  of  water  more 
than  sufHcicnt  to  fill  the  clearance  space, 
some  part  of  the  engine  would  break  dur- 
ing compression  unless  some  means  of 
relief  were  provided.  Sometimes  "Helid 
Valves,"  which  are  somewhat  similar  to 
boiler  safety  v'aK'es,  are  attached  to  the 
cylinder  ends.  Sometimes  the  slide  val\'e 
itself  offers  this  relief;  for  example,  the 
simple  slide  valve,  with  or  without  balance 
riny;h.  and  valves  (like  ihe  Sweet)  with  pressure  plates  can  lift 
from  their  seals  and  thus  give  relief.  In  such  cases  there 
sh<Kil(I  be  springs  or  other  devices  to  return  the  valve  and  hai- 
ance  ring,  or  plate,  to  its  proper  |x>sition  after  the  cy-linder  has 
Ixx-'n  relievwl  of  ihe  water.  Piston  valves  offer  no  such  relief 
theniseKes,  and  engines  with  this  type  of  valve  should  be  pro- 
vided with  siMxial  relief  valves  or  other  similar  device. 

157-  Valve  Gears  for  High-Speed  Engines,  (a)  The  high- 
siKid  engine  was  brieHy  described  on  page  245.  It  is  fitted  with 
a  "^haft  governor,"  which  controls  the  |>oint  of  cut-off  by  vary- 
ing the  position  of  the  eccentric  with  respect  to  the  crank. 

(b)  Sim|)le  engines  of  this  type  usually  have  cut-off  occur  at 
about  one-fourth  stroke  when  operating  under  "  normal  load." 
The  "  range  of  cut-off  "  is  generally  from  zero  to  five-eighths  or 
three-fourths  strolre,  and  the  "  range  of  load  "  is  from  "  friction 
load"  toSQaeeqwii  koo  per  cent  overload. 


.;.  i5rt.  —  Valve  with 
Ilulancc  Kin);, 
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need  which  are  undesirable  in  the  ordinary  case.  Two 
these  are  early  release  and  early  compression. 
(e)  It  so  happens,  however,  that  these  phenomena  are  de- 
lie  in  a  high-speed  engine.  The  early  release  is  advanta- 
Bous,  as  it  allows  more  perfect  drop  to  back  pressure  in  the 
ihort  time  available.  The  early  compression  assists  in  causing  a 
[radual  absorption  of  the  inertia  forces;  and  an  excessive  ter- 
Bmal  pressure  can  be  prevented  by  increasing  the  ratio  between 
iSearance  volume  and  piston  displacement.  With  a  given 
jearance  volume  and  piston  area,  this  ratio  can  be  made  large 
)y  using  a  short  stroke,  and  with  high  rotative  speed  a  short 
Itroke  is  desirable  in  order  to  keep  the  piston  speed  down  to 
lafe  limits:  hence  what  are  faults  in  the  ordinary  case  make  the 
ihort-stroke  high-speed  engine  ptjssible. 

(d)  The  excessive  size  of  the  valve-gear  parts,  which  ordinarily 
Kcurs  when  a  valve  is  designed  for  an  early  cut-off.  as  was 
ahown  in  Section  155.  may  be  overcome  by  increasing  the  length 
of  port,  which  calls  for  a  narrower  valve  opening  and  a  cor- 
responding reduction  of  the  laps,  travel,  and  size  of  the  eccen- 
tric; and  these  in  turn  are  accompanied  by  a  decrease  in  the 
friction  and  wear  of  the  valve  gear.     The  greater  length  of  port 

ay  be  obtained  by  using  a  wide  valve,  a  piston  valve,  or  a 
.ultiporled  valve. 

With  the  type  of  valve  gear  which  is  used  on  this  class  of 
Engine,  the  travel  of  the  valve  varies  with  the  cut-offs,  and 
tile  earlier  the  cut-offs  the  more  restricted  are  the  openings 
the  valve.  The  valves  may  be  designed  to  have  open- 
ings ample  for  the  latest  cut-offs,  and  to  have  auxiliary  ports 
Kdded  in  such  a  manner  as  to  assist  during  the  early  openings 
only,  and  to  have  little  or  no  effect  on  the  wider  openings. 
Examples  of  these  various  types  of  valves  have  already  been 
^ven. 

Sometimes  special  arrangemfnts  of  linkage  are  employed  to 
jve  wide  openings  with  small  travel,  as  in  the  case  of  the 
High-Speed  Corliss  ""  engine  to  be  considered  later. 

(e)  The  friction  of  the  valve  is  undesirable,  not  only  because 
d(;creaaes  the  mechanical  efficiency  of  the  engine  and  causes 
ar.  but  also  because  it  disturbs  the  action  of  the  shaft  gover- 
ir.     This  latter  is  especially  true  if   the  governor  is  of   the 

[nertia  type-     The  governor  ia  also  affected  by  the  inertia  of 
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the  valve  gear;  hence  high-speed  engines  use  valves  that  are 
balanced  and  are  of  light  weight. 

(f)  In  Fig.  157,  which  is  a  diagram  of  positions,  1-3  is  one 
path,  with  respect  to  crank  OP,  over  which  the  eccentric  might 
be  shifted  by  a  shaft  governor  in  adjusting  the  cut-off  to  meet 
the  power  demanded  of  the  engine.  When,  in  Fig.  157  (a),  the 
eccentric  is  at  i  (with  throw  O-i  and  angle  of  advance  tm)  the 
cut-off  is  at  about  three-fourths  stroke,  for  when  the  eccentric 
has  rotated  in  the  direction  of  the  arrow  to  ci  (displacement 


fig.  'S?.  —  Diagram  of  Positions. 
equal  to  steam  lap)  the  crank  pin  is  at  Ci;  when,  in  Fig.  157  (b), 
the  eccentric  is  at  2  (with  throw  0-2  and  angle  of  advance  at) 
the  cut-off  is  about  one-half  stroke,  for  when  the  eccentric  is 
at  Ct  the  crank  pin  is  at  Ct;  and  when  the  eccentric  is  at  j, 
diametrically  opposite  the  crank,  the  cut-oiT  is  at  Ct-  In  this  case 
the  path  j-j  is  so  selected  that  it  will  coincide  with  Lai  when 
the  crank  is  in  position  0^41;  hence  the  crank-pin  positions 
Mi,  Ai,  and  A^)  for  the  admissions  corresponding  to  all  cut-offs 
will  coincide,  that  is,  the  admission  is  constant. 

With  crank  at  OP,  the  horizontal  distance  between  the  eccen- 
tric and  the  stcam-!ap  line  OiCi  is  the  lead.  From  the  figure  it 
is  seen  that  Leadj  is  less  than  Leadi,  and  that  as  the  eccentric 
is  shifted  to  give  earlier  cut-off  the  lead  becomes  less. 

The  figure  also  shows  that  when  the  eccentric  throw  is  O-i 
the  maximum  valve  opening  is  LMi,  when  the  throw  is  0-2  the 
maximum  opening  is  LMi,  and  with  0~3  this  opening  is  tr-j. 
Thus  the  maximum  openings  decrease  as  the  cut-t^  is  made  to 
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)ccur  earlier.  The  valves  are  therefore  usually  designed  to 
lave  proper  opening  at  latest  cut-off  when  operating  as  a  single- 
ported  valve  and  to  be  multiported  when  early  cut-offs  occur. 

If  the  exhaust-lap  line  is  added  to  the  diagram  of  positions, 

P*g-  I57»  and  the  crank  positions  are  determined  for  exhaust 

events  corresponding  to  the  different  points  of  cut-off,  it  will  be 

found  that  as  cut-off  is  made  to  occur  earlier  the  release  and 

compression  are  also   made  earlier.     Thus   with    early  cut-off 


Fig.  158. 


Fig.  159. 


there  is  greater  compression  than  with  late  cut-off.  Fig.  158 
shows  how  these  events  vary  and  affect  the  form  of  the  ideal 
indicator  diagram,  and  Fig.  159  is  an  actual  diagram  obtained 
from  a  high-speed  engine. 

From  the  foregoing  it  is  seen  that  the  following  general  state- 
ment can  be  made:  As  the  eccentric  is  shifted  from  the  outer  to 
the  inner  position,  cut-off,  release,  and  compression  are  made  to 
occur  earlier  and  the  maximum  opening  is  decreased. 


Fig.  160.  Paths  of  Swinging  Eccentric.  Fig.  161. 

Instead  of  shifting  the  eccentric  over  a  straight  path,  it  can  be 

swung  about  a  pivot  in  the  governor  case  or  flywheel.     When  an 

^^ertia governor  (Fig.  130)  is  used  with  external  valve,  the  eccen- 

^nc  center  will  be  moved  over  a  circular  path,  as  in  Fig.  160,  with 
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pivot  Opposite  the  crank.  When  the  ordinary  centrifugal  gover- 
nor is  used,  the  eccentric  may  be  pivoted  on  either  side  of  the 
shaft  with  respect  to  crank,  hence  its  path  may  be  that  in  Fig. 
160  or  that  in  Fig.  161.  These  curved  paths  approximate  the 
straight  one  in  Fig.  157.  The  admission  will  vary  as  the  eccen- 
tric position  IS  changed,  and  the  character  of  the  variation  depends 
on  the  curvature  of  the  path. 

(g)  The  various  valve-gear  diagrams  can  be  constructed  in 
the  usual  manner,  taking  each  position  of  the  eccentric  inde- 
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—  Valve  Diagrams  for  Variable  Eccentric  VaJve  Gear. 


pendently.  The  diagrams  for  the  different  eccentric  positions 
may  be  drawn  separately,  but  usually  they  are  superimposed  on 
one  another,  as  in  Fig.  162,  which  corresponds  to  Fig.  i6o. 

(h)  At  any  one  cut-off  the  valve  events  can  be  equalized  in 
the  manner  mentioned  in  Section  151  (b).      In  some  cases  it  is 


I 


THE   VALVE  GE.iRS  OF  STE.iM  ENGINES 

posdble  to  approximate  the  equalization  in  all  positions  of  the  ' 
eccentric  by  using  a  special  arrangement  of  rocker  arm  or  guide  , 
(or  the  eccentric-rod  pin. 

158.  General  Characteristics  of  Independent  Cut-oS  Gears, 
(a)  If  an  engine  operates  at  a  constant  speed,  as  most  engines  do, 
desirable  to  have  the  admission,  compression,  and  release 
remain  constant,  no  matter  how  the  cut-off  varies.     It  has  been 
seen  that  the  simple  valve  with  shifting  eccentric  does  not  give 
this  desired  constancy  of  all  these  events,  nor  does  it  give  suf- 
ficient opening  and  sharp  closure  when  cut-off  is  early  in  the 
istroke.     U.  however,  instead  of  a  single  valve,  two  or  more  are 
Used,  with  two  independent  sets  of  valve  gear,  it  is  possible  to 
.avoid  some  or  all  of  these  difficulties.     Owing  to  the  complications 
and  extra  expense  involved  with  such  arrangements,  they  are  not 
often  used  on  the  small  high-speed  types  of  engines.    They  are 
quite  common  on  larger  and  longer  stroke,  medium  speed  engines, 
(b)  In  general  the  gear  having  the  two  valves  may  be  ar- 
ranged in  either  of  two  ways:    (i)  Each  valve  may  control  one 
pair  of  conjugate  events;  thus,  one  valve,  having  a  fixed  eccen- 
tric, may  operate  the  release  and  compression,  while  the  other 
Ive  takes  care  of  the  admission  and  cut-off,  the  latter  event 
Ing  changed  by  shifting  the  eccentric  by  a  shaft  governor,  as 
the  case  of  the  valve  gear  used  on  high-speed  engines.     In 
s  case,  separate  valve  diagrams  would  be  drawn  for  each  pair 
conjugate  events;  that  for  the  steam  events  would  be  con- 
:ructcd  the  same  as  for  the  simple-shifting  eccentric  gear;  that 
the  exhaust  events  would  be  constructed  the  same  as  for 
case  in  which  the  crank  positions  for  the  opening  and  clos- 
ig  of  the  exhaust  edge  are  given,  together  with  the  maximum 
of  ojwning  desired.     This  arrangement  will  not  be  con- 
sidered further.     (2)   In  the  other  arrangement  of  the  gear,  one 
>,  which  will  be  termed  the  main  valve,  controls  the  admis- 
compression,  and  release,  and  is  driven  by  a  fixed  eccentric 
■  m<un  eccentric  ").     The  other  valve  of)crates  the  cut-off  only, 
ind  will  be  called  the  cut-off  valve.     It  is  an  intercepting  valve, 
eing  located  between  the  main  valve  and  the  source  of  steam 
pply.     It  may  slide  on  a  separate  valve  seat,  or  it  may  ride  on 
back  of  the  main  valve,  in  which  case  it  is  called  a  "  riding  " 
■nt'cff  valve. 
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The  variation  in  cut-off  may  be  acoomplished  in  three  ways: 
{a)  by  changing  the  lap  of  the  cut-off  valve,  (6)  by  changing  die 
position  of  the  cut-off  eccentric  with  respect  to  the  czank,  and 
ic)  by  a  combination  of  (a)  and  (fr). 

The  range  of  cut-off  on  medium-^ieed  engines  is  usually  from 
zero  to  five-eighths  or  three-fourths  stroke.  Under  normal  load 
simple  engines  usually  cut-off  at  about  one-fourth  stroke. 

(c)  In  all  the  gears  ha\-ing  a  cut-off  valve  of  the  intercepting 
type,  the  main  valve  or  \-alves  (operated  by  the  main  eccentric) 
control  the  admission,  rdease,  and  compression. 

Referring  to  Fig.  144  it  is  seen  that  the  line  OQ  bisects  the 
angle  formed  between  OR  and  OK  produced;  hence,  in  order  to 
determine  [the  proportions  of  the  main  valve  and  its  eccentric, 
proceed  as  follows: 

The  twx»  conjugate  events  {R  and  K)^  which  can  be  decided 
upon  initially,  fix  the  angle  of  advance  of  the  main  eccentric,  for, 
in  the  Bilgram  diagram.  Fig.  163,  OQi  must  bisect  the  angle 


Fig.  163.  Fig.  164. 

between  R  and  K  (produced).  After  drawing  the  lead  line  L,  and 
the  arc  ir  for  maximum  opening,  the  steam  lap  is  determined 
by  drawing  the  lap  circle  tangent  to  W  and  L  in  the  figure,  the 
center.  Q,  being  on  OQi.  Having  located  Q,  the  exhaust-lap  cir- 
cles can  then  be  drawn.  The  diagram  is  now  complete  and  all 
dimensions  for  the  valve  and  eccentric  have  been  found.  The 
cut-off  of  the  main  valve  is  unimportant,  proxided  it  is  at  least 
as  great  as  the  latest  given  by  the  cut-off  valve.  Compression, 
of  course,  can  be  equalized  by  using  unequal  exhaust  laps. 

The  diagram  of  openings  of  the  main  vaK*e,  which  is  that 
part  of  the  elliptical  diagram  which  lies  above  the  steam  lap, 
S.L,.  (for  the  H.E.  of  the  valve),  is  shown  in  Fig.  164. 

(dj  In  ail  valve  gears  in  which  there  is  a  separate  cut-off 
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Valve  it  is  necessary  that  this  va!ve  open  before  the  main  valve 
does,  as  the  latter  controls  the  admission.  To  provide  for  this,  it 
Is  necessary  in  many  instances  to  have  negative  lap  on  the  cut-ofT 
Valve  and  large  angle  of  advance,  a',  of  the  cut-off  eccentric  («' 
■nay  even  be  greater  than  180  degrees  in  some  instances). 

In   the  general  case  the  constructions  of  the  various  valve 
diagrams  for  negative  lap  and  large  angle  of  advance  are  identical 


Fig.  165. 


with  those  previously  described;  in  each  case  the  angle  of  ad- 
vance b  located  in  exactly  the  same  manner,  and  the  negative 
lap  is  laid  off  opposite  the  positive  lap;  the  openings  are  then 
equal  to  the  displacement  plus  the  negative  lap,  and  the  closures 
equal  the  displacement  minus  this  lap.  With  negative  lap  the 
valve  when  central  is  open,  hence  closure  must  occur  after  the 
central  position  has  been  passed,  and  opening  takes  place  before 
that  position  is  reached.  Figs.  165  (6)  to  (e)  show  the  various 
valve  diagrams  for  angle  of  advance  greater  than  90  degrees, 
and  Rg.  165  (a)  gives  the  actual  position  of  the  eccentric  with 
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respect  to  the  crank  when  the  latter  is  on  dead  center.  The 
lengths  of  the  section  lines  show  the  widths  of  valve  openings. 

The  generating  point  in  the  elliptical  diagram .  will  move 
amund  the  ellipse  in  a  counter-dockwise  direction  if  the  angle 
of  ailvance  is  greater  than  90  degrees,  as  it  is  in  Fig.  165.  As 
before,  the  psxn  of  the  elliptical  diagram  l>ing  above  the  steam- 
lap  line  constitutes  a  diagram  of  openings. 

The  cut-olfs  at  one  point  in  the  stroke  can  be  equalized  by 
using  unequal  laps. 

[e)  Referring  to  Rg.  165  (e).  it  is  seen  that  the  cut-off  can  be 
vari^\i  either  y^O  by  altering  the  size  of  the  lap  circle  (which  may 
even  Iv  nude  (lositix-eK  or  {2)  by  changing  the  angle  of  advance, 
a\     Bi>th  methods  are  used  in  practice. 

.\  shaft  gv>\-emor  may  be  used  to  automatically  change  the 
an>^lo  of  advance  by  turning  the  cut-off  eccentric  about  the 
center  oi  the  shaft  on  which  it  is  loosely  mounted. 

159.  Independent  Cnt-oif  Valre  witii  Stationaiy  Seat  Fig. 
it)C>  shi>ws  diagrammatically  an  arrangement  with  cut-off  valve 

(.'  riding  on  an  independent  valve  seat 
betwven  the  main  \'al\'e  M  and  the  steam 
pipe.  The  main  \-al\"e  is  dri\"en  by  a  fixed 
eccentric.  It  controls  the  admission,  re- 
lease, and  compression,  and  is  designed  in 
the  manner  outlined  in  Section  158  (c). 
The  cuiK^ff  valve  is  dri\"en  by  an  inde- 
jxMKieni  eccentric  and  controls  only  the 
one  o\eru.  The  vut-i>tT  can  Iv  changeii  in  either  of  two  wa>'s 
already  meniiomxl. 

C-zs-:  L  —  Tlie  lap  o\  the  outM.>ff  valve  may  be  altered  by  any 
o:'  -.he  tV»lIo\vink:  methiHls: 

I  The  valve  may  Ik*  in  two  jxiris.  mounted  on  the  valve 
-*rrr:  \\\\)\  R.H.  and  I. .11.  ihrvads  rvsjxx-iively.  By  turning  the 
-•rrm.  :hr;-  distance  Ivtwivn  the  ends,  and  cv^nsequently  the  laps, 
r;tr.  F<r  wiriol.  With  this  arranv:ement.  as  in  Fig.  167,  the  ad- 
jU'tnier.:  i^  made  by  hand,  and  the  |xnnt  of  cut-off  for  the  setting 
cm  ■'*/  rcai]  ijn  the  indicator,  which  is  niovevl  by  a  nonrotating  nut 
or.  •h^' '.  live  ^.r^ni.  It  i>  ditncult  to  arrange  a  go\-emor  to  make 
th*:  tri  •  j^tmtrnt  with  this  arraiii^einent.  as  several  revolutions  of  the 
valve  -re.-m  are  rt-.juireil  t«>  accomplish  the  full  range  of  cut-off. 
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Fig.  107. 


(2)  Fig.  168  shows  the  back  of  another  arrangement  in  which 
e  «dges  of  the  valve  and  ports  are  oblique.     On  the  back  of 
Jie  vah'e  is  a  rack  with  which  a  pinion,  on  the  valve  stem, 
ingages.     By   turning  the  stem   the   valve   may   be  raised   or 
pwered  (as  viewed  in  the  figure),  thus  changing  the  distance  be- 
lts edge  and  that  of  the  port. 


Fig.  169. 


Fig.  J68. 


(3)  Fig.  169  shows  a  somewhat  similar  arrangement,  except 
that  the  valve  face  and  seat  are  cylindrical  surfaces.  The  valve 
i  fastened  to  the  stem,  90  that  by  turning  the  latter  the  lap  is 
changed. 
The  arrangements  shown  in  Figs.  168  and  169  can  be  controlled 
,'  a  fly-ball  governor,  which  can  be  connected  to  an  arm  on  the 
valve  stem. 

Case  II.  — -  The  angle  of  advance  may  be  changed,  as  in  Fig. 
J70,  in  which  M  is  the  main  eccentric,  o,  \  and  f  are  the  positions 
of  the  cut-off  eccentric  for  those  cut-offs,  X  is  the  "  range  angle  " 
iJirough  which  the  governor  has  to  turn  the  eccentric  on  the 
ihaft,  oo'  is  the  maximum  angle  of  advance  of  the  cut-off  eccentric, 
Uid  a|'  is  that  for  three-fourths  cut-off. 

Fig.  171  shows  for  this  case  the  diagram  of  openings  of  the 

ut-uff  valve  (dotted  lines)  superimposed  on  that  for  the  main 

"alve  (heaxy  lines),  and  the  sectioning  shows  the  effective  open- 

{  from  the  time  of  admission  of  the  main  valve  to  the  closure 

of  the  cut-off  valve  at  one-fourth  stroke. 

The  arrangement  of  valves  shown  in  Fig-  166  is  not  satisfac- 
5Dry,  as  with  early  cut-offs  the  space  beyond  the  end  of  the  main 
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Fig.  170. 


Fig.  171. 


valve  is  clearance  space  during  the  part  of  the  expansion  preced- 
ing the  closure  of  the  main  \*alve. 

160.  Riding  Cut-off  Valves,  (a)  Instead  of  having  a  separate 
seat  for  the  cut-off  \-alve,  this  valve  may  ride  directly  on  the 
back  of  the  main  valve  (or  within  it,  if  pbton  \^lves  are  used)  and 
perform  its  functions  \^-ith  respect  to  a  port  in  that  valve.  There 
are  several  such  arrangements  possible.  One,  the  Buckeye 
Gear,  is  in  effect  the  exact  equivalent  of  the  arrangement  de- 
scrilK\i  as  Case  11  alxne. 

Tho  arran^emeiu  of  valves  in  this  gear  is  given  in  Fig.  172, 
both  \  alves  l>eing  shown  central  with  respect  to  the  ports.     The 
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cut"  'H  valvc  has  r.eca:lve  Lip  ot]uaI  to  the  amount  it  is  open  in 
the  fic'-re  w::*.:  rvpo^:  :  .^  ::u*  m.iin  valve.  The  main  valve  is  a 
l>>x  :\\'x-yi  \v::h  'Ivc-  >roam.  practically  a  reciprocating  steam 
cht.-st.  I:  i-  An  "  ir.itrr..i'.  **  wilve.  taking  steam  from  the  inside 
and  exhausting  at  the  ends.     The  cut-off  valve  rides  inside  the 
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main  valve  and  is  "  external  ";  its  negative  lap  is  of  constant  \ 
amount.     Its  valve  stem  passes  through  that  for  the  main  valvei 
the  latter  being  hollow. 

The  main  valve  is  driven  by  a  fixed  eccentric,  and  controls  ] 
admission,  release,  and  compression.  The  cut-off  valve  is  dri\ 
by  an  eccentric  which  is  controlled  by  a  shaft  governor  which  j 
turns  the  eccentric  about  the  center  of  the  shaft,  thus  varying  I 
the  angle  of  advance,  «',  as  in  Fig.  170.  ' 

(b)   The  arrangement  of  the  rockers  which  guide  the  eccentric- . 
rod  ends  is  shown  in  Fig.  1 73.     The  main  rocker  ab  is  pivoted  at  b  ] 


Fig'  =7J- 

to  the  frame  of  the  engine.     The  cut-off  rocker  cd  is  pivoted  at   ' 
its  middle  e  to  the  middle  of  the  main  rocker,     With  this  special 
arrangement  of  rockers,  it  is  seen  that  the  displacement  fii)  of  the 
center  of  the  cut-off  valve  with   respect  to  the  center  of  the   1 
main  valve  is  given  by  the  distance  between  a  and  c,  which  is 
the  same  as  that  between  b  and  d.     Evidently,  then,  the  motion 
of  the  cut-off  valve  with  respect  to  the  main  valve  is  the  same 
as  that  of  c  with  respect  to  a,  or  opposite  to  that  of  d  with  re- 
spect to  b.    Since  6  is  a  fixed  point,  it  follows  that  the  motion  of 
the  cut-off  valve  Tvilh  rcspetrl  lo  the  main  valve  is  the  same  as  that 
of  a  simple  valve  •with  respect  to  a  fixed  seal.      The  distance  the 
cut-off  valve  travels  with  respect  to  the  main  valve  remains    ' 
constant,  no  matter  how  the  cut-off  and  phase  relations  of  the 
t«'o  valves  are  altered  by  changing  the  angle  of  advance  of 
the  cut-off  eccentric. 

Tliua  this  arrangement  is  equivalent  to  Case  II  of  Section  159,  1 
but  avoids  its  faults. 

(c)  In  other  "  riding  cut-off  "  gears,  this  peculiar  arrange-  1 
mcnt  of  rockers  of  the  Buckeye  gear  is  not  used,  but  both  j 
valves  receive  motion  direct  from  their  respective  eccentrics.  ■ 
The  general  arrangement  of  the  valves  is  shown  in  Fig.  174,  in  I 
which  both  valves  are  external.     The  main  valve  has  a  false  1 
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of  the  cut-off  eccentric.  This  adjustment  is  made  by  a  shaft 
governor  which  turns  the  eccentric  on  the  shaft  to  vary  the  angle 
of  advance. 


The  valves  are  shown  in  Figs.  176  and  177.     The  main  valve  | 
operates  the  admission  only.    The  exhaust  is  controlled  by  5cp>a- 
rate  triple-ported  valves  of  the  Corliss  type  shown  tn  Fig.  177, 
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The  cut-off  valve  is  made  triple-ported,  as  is  its  seat  on  the  back 
of  the  main  valve.  The  arrangement  of  eccentrics  is  similar  to 
that  shown  in  Fig.  170. 

(g)  The  Mclntosh-Seymoor  Gear  has  separate  main,  cut-off, 
and  exhaust  valves,  of  the  "gridiron"  type,  working  across 
the  cylinder,  as  shown  in  the  section  in  Fig.  178.     These  six 


Fig.  178. 

valves  are  driven  by  arrangements  of  rockers  and  toggles  in  the 
linkage,  which  distort  the  movements,  so  that  after  the  valves 
are  closed  they  have  little  motion ;  hence  the  friction  and  wear 
are  reduced  to  a  minimum. 

The  main  valve  receives  its  motion  from  a  fixed  eccentric, 
and  the  cut-off  valve  is  driven  by  an  eccentric  which  is  turned 
about  the  shaft  by  a  shaft  governor  to  adjust  the  cut-off.  Fig. 
100  (p.  247)  shows  the  general  arrangement  of  the  valve  gear 
and  the  rocker  shafts,  which  latter  are  given  an  oscillatory 
motion  by  the  eccentrics  acting  through  bell  cranks.  The 
arrangement  of  eccentrics  is  amilar  to  Fig,  170. 


:3i 


Fig.  179  is  the  distorted  elliptical  diagram  for  the  main  valve, 
ith  the  opening  diagram  shown  by  bold  lines.     SuperirapoMd  on 
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the  latter  are  lines  showing  the  closure  of  the  cut-off  valve.  Fig. 
1 80  gives  the  distorted  elliptical  diagram  for  the  exhaust  valve. 
It  is  seen  that  the  valve  movements  after  closure  are  much  less 
t:tian  with  ordinary  valve  gears. 

(h)  There  are  many  other  possible  arrangements  of  riding 
cut-off  gears,  a  great  number  of  which  are  in  actual  use. 

161.  Gears  with  Oscillating  Valves,  (a)  Instead  of  having 
t:He  slide  valve  flat,  it  may  have  a  curved  face,  as  in  Fig.  181,  in 
uvliich  case  the  valve  oscillates  about  center  O'.  The  displace- 
ment X  of  the  eccentric-rod  pin  U  from  the  Y-axis  is  always 
e<qual  to  that  of  the  eccentric  with  respect  to  the  vertical  axis 
t:h  rough  the  shaft.  This  valve  is  substantially  equivalent  to 
t:he  ordinary  flat  D- valve,  and  would  be  designed  or  analyzed  in 
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Fig.  181.  —  Oscillating  Valve.  Fig.  182. 

^*^«  same  manner,  using  the  same  valve  diagrams.  These  dia- 
^*"^ms  show  the  true  positions  of  the  crank  for  all  events;  but 
^*^«  laps,  displacements,  and  openings  are  chordal,  that  is,  would 
■^^  measured  as  chords  instead  of  as  arcs. 

(b)  This  arrangement  of  valve  introduces  very  long  steam 
^^^ssages,  extending  from  the  center  to  the  ends  of  the  cylinder, 
^nd  this  is  not  conducive  to  economical  performance,  as  has 
already  been  seen. 

(c)  A  better  arrangement  is  one  in  which  there  are  four 
Oscillating  valves,  as  in  Fig.  182,  each  of  which  performs  the 
single  function  of  one  of  the  four  edges  of  the  single  valve.  In 
the  figure  the  outer  edges  of  the  two  upper  valves  control  the 
steam  events,  and  the  inner  edges  of  the  lower  valves  operate 
the  exhaust  events.  The  other  edges  of  the  valves  perform  no 
function.  The  chordal  laps  would  be  the  same  as  in  the  case  of 
the  single  valve  of  Fig.  181.  The  valves  shown  in  Fig.  182  are 
of  the  **  Corliss  "  type.  With  this  arrangement  the  steam  and 
exhaust  passages  are  very  short  and  direct,  thus  the  clearance 
volume  and  surfaces  are  relatively  small. 
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d  All  four  x'aN'es  may  be  driven  by  the  single  \'ariable  ecceo- 
iric  with  shaft  governor,  as  is  common  nith  high-speed  engines. 
It  ii  lietter,  howe\er,  lo  connect  the  steam  valves  in  this  manner, 
and  to  dri\e  the  exhaust  \-ah"es  by  a  separate  fixed  eccentric,  so 
thai  releaie  and  compression  will  remain  constant. 

e  One  fault  of  most  vaK-e  gears  is  that  the  valve  has  large 
mowment  after  it  has  closed.  To  reduce  wear  and  friction,  the 
movement  should  cease  as  soon  as  the  overlapping  is  sufficient 
to  prevent  leakage.  Also,  it  is  desirable  to  have  more  rairid 
mowment  of  the  valve  after  it  opens  than  is  obtained  with  the 


KiR.  iS,. 

sirnpli'  i;car.  Both  results  can  be  effected  by  using  links  and 
nickers  sn  urrant;i.\i  as  to  give  the  valve  the  desired  motion. 
<  )rie  ^iicli  .irr.inyoment  is  shown  in  the  upper  right-hand  corner 
of  I'ii;.  liS.V  KuKines  using  this  tyjx'of  gear  may  be  called  High- 
Speed  Corliss  Valve  Engines,  or  positive  cut-off  Corliss  engines. 
•  f)  .\t  tJu-  lift  of  Fig.  iti3.  the  edge  ,;  of  the  steam  valve  is 
shown  even  with  the  j>ort  wlge  with  which  it  opens  or  closes. 
Let  ,;''  be  the  desinti  {small  >  angular  movement  after  closure, 
and  /'  lie  the  {lorfic)  angle  after  o]>ening.  The  steam  arm  O/t', 
which  moves  the  valve,  will  swing  through  the  same  angles  as 
the  valve;  thus  g  and  /  are  respectively  equal  g'  and  /'.    The 
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lin  position  a'  for  admission  (motion  to  right)  of  course  coin- 
cides with  c'  for  cut-off  (motion  to  left). 

Starting  at  the  right  of  the  figure,  E„  is  the  eccentric  position 
for  admission;  E„,  that  for  maximum  opening;  E^  that  for  cut- 
off; and  £b  is  for  extreme  closure.  The  similarly  subscripted 
positions  of  pins  //  and  /  on  the  rocker  arm,  the  positions  A, 

',  C,  and  .V  of  the  reach-rod  pin,  and  a,  m,  c,  and  n  of  the  steam 

n.  all  respectively  correspond  with  these  eccentric  positions. 
In  each  case  the  position  for  admission  (motion  to  the  right) 
xtincides  with  the  position  for  cut-off  (motion  to  the  left).  It 
will  be  seen  that  the  angular  movement  am  of  the  steam  pin 
for  opening  is  smaller  than  that  for  closure  en,  which  is  just 
contrary  to  what  is  desired  for  the  valve  movement.  However, 
it  is  possible  to  locate  the  steam  pin  on  the  wrist  plate  in  such 
position,  and  to  use  such  a  length  of  steam  nxi.  that  the  steam 
moves  through  angles  n'c'  and  a'm'  respectively  when  the 
Bteam  pin  moves  through  angles  nc  and  am,  and  thus  to  ac- 
complish the  desired  result.  With  such  arrangement  the  dis- 
tances tin',  aa',  and  mm'  must  of  course  all  be  equal,  since  they 
represent  the  length  of  the  steam  rod. 

The  exhaust  valve  motion  can  be  similarly  distorted  so  as  to 
be  small  after  closure  and  large  after  release.  The  arrangement 
(or  the  crank  end  of  the  cylinder  is  identical  except  reversed. 

(g)  There  are  many  other  arrangements  of  linkage  used  for 
high-speed  Corliss  valve  engines.  Some  involve  the  use  of  a 
separate  fixed  eccentric  to  drive  the  exhaust  valves  and  thus 
obtain  constant  release  and  compression. 


(h)  In  Fig.  184  is  given  the  distorted  elliptical  diagram  for  the 
iteam  valve  of  one  gear  of  this  high-s|)eed  Corliss  type. 

(i)  The  Trip-Cut-off  Corliss  Engine  with  Single  Eccentric. 
ig.  185  is  similar  to  ihe  arrangement  just  discussed,  except  that 
le  eccentric  is  fixed  and  the  cut-off  is  operated  by  a  tripping 
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device  positioned  by  a  governor  of  the  fly-ball  type.  The  typel 
of  steam  valve  used  is  shown  in  Fig.  i86;  and  the  bonnet  for  the  J 
head-end  steam  valve,  and  the  part  of  the  gear  which  it  supports,  ] 
arc  illustrated  in  Fig.  187(a).  The  names  of  these  parts  are  given  J 
in  Fig.  187  (b).    The  left  arm  ^4  of  the  bell  crank  carries  a  hook  CI 


which  engages  with  the  steam  arm  on  the  valve  stem.     If  the  ] 
hoolc  remains  latched,  the  motion  which  the  bell-crank  arm  B  1 
obtains  from   the  wrist  plate   by  means  of   the  steam  rod   13  \ 
transmitted  directly  to  the  valve,  and  the  case  is  identical  with 
that  discussed  in  (f)  of  this  section.     In  these  engines,  however, 
the  governor  controls  the  position  of  the  knock-off  cam  E.  which 
has  a  definite  position  corresponding  to  each  different  cut-off. 
As  the  bell  crank  is  moved  clockwise,  the  hook  turns  the  steam 
arm  and  oi^ens  the  valve  (as  in  Fig.  183).     This  continues  until 
the  part  D  of  the  hook  comes  in  contact 
with  the   stationary   knock-off   cam   E. 
when  iJie  hook  becomes  disengaged  from 
the  steam  arm,  which  is  then  returned 
to  its  lowest  position  by  the  dash  pot, 
thus  closing  the  valve.  e 

(J)  Thesimple  elements  of  the  dash  pot 
are  shown  in  Fig.  188.  When  the  sieain 
valve  is  opened  the  plunger  is  raised  aiiil 
a  vacuum  is  formed  at  V.  After  the  hixjlc 
has  been  tripped  this  vacuum  causes  the 
descent  of  the  plunger  and  closure  of  the  '"'E-  i»8.  — Uash  Pot. 
steam  valve.  The  fall  is  stopped  by  the  air  cushion  which  is  formed  \ 
between  Cand  C  and  which  is  adjusted  by  the  cushion  valve. 
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(k)  Fig.  189  shows  the  distorted  elliptical  diagram  for  the 
steam  valve.  With  the  trip  occurring  at  /,  the  cut-off  is  at  c. 
As  the  valve  cannot  close  instantaneously,  tc  will  slope  somewhat. 
A  similar  diagram  for  the  exhaust  valve  is  given  in  Fig.  190. 
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Fig.  189. 
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Fig.  190. 


In  connection  with  Fig.  187,  it  will  be  noticed  that  the  trip  of 
the  head-end  steam  valve  occurs  when  the  hook  end  D  comes 
in  contact  with  the  stationary  cam  £,  while  the  hook  and  bell 
crank  are  still  moving  to  the  right  (that  is,  before  the  eccentric  has 
reached  the  R.H.  dead  center)  \  and  that  if,  when  the  eccentric 
arrives  at  this  position,  the  trip  has  not  taken  place  (£  being 
too  far  to  the  right),  it  will  not  take  place  at  all,  and  cut-off  will 
occur  at  C  in  Fig.  189  instead  of  at  C. 

(1)  The  angle  of  advance  is  fixed  by  the  release  and  com- 
pression, as  in  the  case  of  the  main  valve  of  the  riding  cut-off 
gears  (Fig.  163).  It  is  in  no  way  dependent  on  the  other  events, 
for,  with  crank  on  dead  center,  the  steam  rod  can  be  adjusted  to 

give  the  valve  the  proper  lead,  and  cut- 
off is  controlled  by  the  knock-off  cam 
independently  of  the  eccentric. 

If  jE  in  Fig.  191  is  the  eccentric  po- 
sition for  latest  trip,  the  crank  pin  is 
then  at  T  and  the  piston  at  C.  As, 
however,  some  time  must  elapse  before 
the  valve  is  closed,  cut-off  will  occur 
^'S-  ^^^'  when  the  piston  has  reached  some  px)- 

sition  D,  which  is  usually  at  about  0.4  stroke.  Thus  with  an 
(^rdinar>'  single  eccentric  Corliss  gear  the  latest  cut-off  possible  is 
about  0.4  stroke,  and  this  is  accomplished  only  by  using  the 
smallest  angle  of  advance  that  will  give  the  proper  release  and 
compression. 

(m)  There  are  many  other  arrangements  of  valves,  of  trip 
gear,  of  wrist-plate  linkage,  and  of  dash  pot,  but  all  operate  in 
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a  manner  similar  to  that  described.     The  valves  are  frequently 
double-  or  multiple- ported. 

(n)  One  of  the  faults  of  this  gear  is  that  a  failure  of  governor 
belt  stops  the  governor  and  lets  the  weights  drop  to  the  lowest 
position,  thus  advancing  the  cut-off  to  the  latest  point.  The 
power  then  developed  is  greater  than  that  absorbed,  and  the 
engine  will  "run  away"  and  be  demolished,  unless  stopped  by 
hand  or  by  some  safety  device. 

One  safety  device  consists  of  a  "  safety  cam  "  S  m  Fig.  187 
which  prevents  the  hook  engaging  with  the  steam  arm  when 
the  governor  occupies  its  lowest  position.  Some  engines  have 
auxiliary  8y-ball  governors  which  will  close  the  throttle  valve 
when  the  speed  becomes  unsafe.  There  are  many  other  forms 
of  safety  devices  in  use. 

(o)  The  limitation  of  the  latest  cutnaff  can  be  avoided  by 
using  the  Two-Eccentric  Corliss  Gear,  in  which  one  eccentric 
drives  a  wrist  plate  for  the  exhaust 
\'Blves,  and  another  one  actuates  the 
steam  wrist  plate.  Fig.  192  shows  the 
arrangement  of  eccentrics,  with  crank  - 
on  dead  center.  The  angle  0  between 
the  crank  and  steam  eccentric  fixes  the 
latest  cut-off,  but  with  this  arrangement, 
since  the  exhaust  valves  are  driven  in- 
dependently, it  may  be  made  any  value 
within  limits.  The  angle  used  in  the 
figure  permits  of  cut-off  as  late  as  three-fourths  stroke  as  is  seen 
from  the  extreme  (dotted)  position. 

Late  cut-off  can  also  tte  obtained  by  using  a  moving  knock-off 
cam  which  may  be  oscillated  either  by  a  separate  small  eccentric  at 
about  90  degrees  with  the  main  eccentric,  or  by  the  sidewise  modon 
of  the  eccentric  rod,  which  is  90  degrees  out  of  phase  with  the  longi- 
tudinal movement.  With  such  arrangement  the  knock-off  cam 
overtakes  the  hook  and  releases  it  even  alter  the  main  eccentric 
has  rotated  a  considerable  angle  l>eyond  the  dead-center  position. 

(p)  The  rotative  speed  of  trip-cut-off  Corliss  gears  must  be 

relatively  tow,  for  otherwise  the  hook  gear  becomes  uncertain  in 

action.     Speeds  above  120  r.p.m.  are  seldom  used,  and  generally 

,they  are  considerably  less.     Hence  engines  using  this  type  of 

r  are  commonly  classified  as  "  low-s[>eed." 


Fig.  191. 
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(q)  There  are  several  trip-cut-off  gears  which  have 
valves  working  across  the  cylinder  either  horizontally  (some* 
what  similar  in  arrangement  to  Fig.  178)  or  vertically.    Trip- 
cut-ofT  gears  are  also  used  with  poppet  valves  (Section  164). 

162.  Link  Gears,     (a)  The  valve  gear  most  commonly  used 
on  engines  which  are  reversed  is  the  Stephenson  Link  Gear,  one 

arrangement  of  which  is  shown 
semi-diagrammadcally  in  Fig. 
193.  The  illustration  is  for  a 
vertical  engine  with  cylinder 
above,  but  the  arrangement  for 
a  horizontal  engine  would  be 
identical  except  for  the  position 
of  the  longitudinal  axis. 

(b)  The  eccentrics  are  ar- 
ranged as  in  Fig.  194,  with  the 
** forward  eccentric,"  /,  placed 
90  degrees  plus  angle  of  advance 


Doable  Bar 
link 


Fig.  193.  —  Stephenson  Link  Gear. 


Fig.  194. 


ahead  of  the  crank  in  the  forward  direction  of  rotation,  and  the 
"  backing  eccentric,**  6,  at  the  same  angle  in  the  opposite  direction. 
If  the  valve  receives  all  its  motion  from  eccentric  /,  the  rotation 
will  be  forward  (clockwise  in  this  case) ;  if  from  &,  it  will  be  back- 
ward (counter-clockwise). 

In  Fig.  193  it  is  seen  that  the  forks  at  the  ends  of  the  two 
eccentric  rods  are  connected  by  a  '*  link  '*  (whence  the  name  of 
this  type  of  gear),  different  points  of  which  may  be  brought 
opposite  the  "  link  block  "  on  the  end  of  the  valve  stem,  by 
turning  the  "  reverse  *'  shaft.  The  illustration  shows  the  for- 
ward end  opposite  (in  ''full  gear*'  forward),  hence  the  valve  is 
receiving  all  its  motion  from  the  forward  eccentric  and  cons&- 


[ucntly  rotates  fora-ard  with  latest  cut-off  possible.  If  the  other 
end  of  the  link  is  brought  opposite  the  link  block  ("full  gear"  back- 
ing), the  engine  would  operate  backward  at  maximum  cut-off. 

With  the  middle  of  the  hnk  opposite  {"  mid-gear  "),  the  valve 
receives  motion  equally  from  both  eccentrics;  and  the  valve 
will  open  an  amount  equal  to  the  lead  and  close  immediately, 
the  cut-off  being  praciic-a!ty  at  zero  stroke. 

If  the  link  is  shifted  from  mid-gear  toward  the  forward  end, 
the  valve  will  still  receive  motion  from  both  eccentrics,  but  the  i 
major  jmrl  will  be  from  the  forward  eccentric.  As  the  forward 
end  of  the  link  is  shifted  nearer  the  link  block,  the  width  of 
valve  opening  is  increased  and  the  cut-off  is  advanced  in  a  man- 
ner quite  similar  to  that  in  the  gear  with  single  variable  eccentric. 
Figs.  i6o  and  i6i.  when  the  eccentric  is  moved  from  inner  posi- 
tion ~j  outward  towards  /.  In  fact,  an  approximate  analysis  of 
the  Stephenson  link  gear  can  be  made  by  considering  the  A'alve 
as  driven  by  a  single  swinging  eccentric  with  a  radius  of  path  R  , 
which  can  be  computed  Jjy  McFarlane-Gray's  formula;  i 

ja       distance  between  eccentric  centers  X  length  of  ecc.  rod     -       , 
2  X  distance  between  eccentric-rod  pins 

(c)  If,  with  the  crank  P  pointing  away  from  the  cylinder,  the 
rods  are  not  crossed,  as  in  Figs.  193  and  195  (a),  the  arrangement 
15  termed  "open  rod."  In  this  case  the  path  of  the  etjuivalent 
BJngle  eccentric  is  fcb  with  radius  R.  If,  with  crank  in  the  same 
position,  the  rods  are  crossed,  as  in  Fig.  195  (b),  it  is  a  "  cross- 
rod  "  linkage,  and  the  path  of  the  equivalent  eccentric  is /<?&.* 

For  any  link  position,  the  t(|uivalent  eccentric  occupies  the  same 
-elalive  position  on  its  [iath/6  as  the  link  block  on  the  link  FB. 
It  is  seen  that  the  open-rod  linkage  gives  increasing  lead  as  the 
CUI-ofI  is  decreased,  whereas  the  reverse  occurs  with  crossed 
toAb.  From  Eq.  {275)  ii  is  seen  that  using  longer  eccentric 
rods  increases  R,  thus  making  the  path  straighter  and  the  lead 
ess  variable.  To  have  the  lead  vary  equally  at  the  two  ends  of 
Jie  valve,  the  radius  of  the  link  arc  must  equal  the  length  from  i 
:ntric  center  to  eccentric-rod  pin,  in  the  arrangement  shown. 

*  Note  that  when  the  croiik  hoa  rotated  tSo  ilcgrces  (he  rods  are  crossed  in  the 
'opoi-rod"  ttiTingcnient  anil  upco  in  ihc  "  crogscj-rod  "  ({car.     In  classifjing  the 
the  cranic  musl  paint  away  from  Ike  cyliader. 
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p6    (6) 


Fig.  195. 


(d)  The  link  shown  in  Fig.  193  is  of  the  **  double-bar  "  type. 
There  are  many  other  arrangements:  some  have  the  eccentric- 
rod  pins  offset  from  the  link;  on  some  the  suspension-rod  pin  is 
located  at  the  middle  of  the  link  arc;  on  others,  between  the 
middle  and  the  end.  The  modifications  introduced  in  such  cases 
cannot  be  considered  here. 

(e)  For  the  method  of  making  an  exact  anal>'sis  of  the  action 
of  the  valve  operated  by  a  Stephenson  link  sec  textbooks  on 
valve  gears. 

(f)  In  the  Gooch  Link  Gear.  Fig.  196.  the  "radius  rod," 
instead  of  the  link,  is  shifted  to  change  the  cut-off.  As  the  link 
radius  equals  the  length  of  the  radius  rod,  there  is  no  move- 
ment of  the  valve  if  the  adjustment  is  made  when  the  crank  is 
on  dead  center,  as  in  the  figure;  hence  the  lead  is  constant. 
Line  h'f  is  the  path  of  the  equivalent  single  variable  eccentric, 
and  b'bO  is  a  right  angle. 

(g^  The  Allan  Link  Gear  shown  in  Fig.  197  has  a  straight 
link.  The  link  and  the  radius  rod  are  shifted  in  opposite  direc- 
tions in  such  manner  that  the  valve  is  not  moved  when  crank 
is  on  dead  center,  hence  the  lead  is  constant.     The  path  of  the 


Fig.  196.  —  Gooch  Link  Gear.  Fig.  ig;.  —  AIlaD  Link  Gear, 

guivalent  single  eccentric  is  similar  to  that  in  the  Gooch  link- 


(h)  The  Porter-Allen  Gear  shown  in  Fig.  198  has  a  link  which 
consolidated  with  the  eccentric  strap  and  is  guided  at  A  along 


Fig.  108.  — Porter  Allen  Gear. 

le  center  line  of  the  engine.  The  throw  OAf  of  the  eccentric 
|uais  lap  plus  lead,  thus,  in  the  position  shown,  the  head  end  of 
le  valve  is  open  to  lead.  As  the  eccentric  rotates  from  this 
;ition  the  tilting  of  the  link  increases  the  opening,  which  later 
Is  decreased  by  the  translatory  motion  of  the  link.  At  (a)  in 
the  figure,  with  link  block  at  V,  maximum  opening  occurs  at 
ik  position  2  and  cut-off  at  j.  With  link  block  in  a  lower 
>ition,  there  would  be  less  opening  and  earlier  closure,  the 

remaining  the  same,  however. 
Motion  satisfactory  for  exhaust  valves  can  be  obtained  from 
ime  point  such  as  E. 

\  i6j.   Radial  Valve  Gears,     (a)   In  vertical  multicylinder  ma- 
inc  engines  using  link  gears,  the  valves  are  usually  located  per- 
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pendiculariy  over  the  shaft,  and  some  or  all  of  them  lie  between 
the  cylinders  and  thus  lengthen  the  engine.  It  is  true  that  by 
using  rocker  arms  the  valves  might  be  placed  at  the  side,  but  that 
arrangement  of  mechanism  has  certain  disadvantages,  and  even 
then  the  eccentrics  prevent,  to  a  certain  extent,  the  shortening  of 
the  engine. 

Using  the  type  of  valve  gears  known  as  **  radial  gears  "  >necesa- 
tates  placing  the  valves  on  the  side  of  the  engine.  In  most  of  the 
gears  of  this  type  a  single  eccentric  is  used  and  in  some  the  eccen- 
trics are  dispensed  with  altogether.  With  this  type  of  gear  the 
engine  can  be  made  to  occupy  less  space  than  with  link  gears. 

There  are  a  great  many  kinds  of  radial  gears;  only  the  most 
important  will  be  described. 

(b)  The  lularshall  Type  of  Geaii  which  is  shown  in  Fig.  199, 
uses  a  single  eccentric,  either  at  o®  or  180®  with  the  crank. 


Fig.  199.  —  Marshall  Type  of  Radial  Gear. 

The  point  a  on  the  eccentric  rod  Eab  is  guided  along  path  Gg* 
The  end  b  traces  the  oval  figure  shown,  and  its  positions  are 
numbered  to  correspond  with  those  of  the  eccentric  and  crank. 
The  motion  which  the  valve  receives  through  the  rod  be  is  prac- 
tically the  same  as  that  obtained  from  an  eccentric.  By  chang- 
ing  the  inclination  of   the  guide  Gg  the  oval  is  changed,  the 

*  The  Hackworth  gear  has  a  straight  guide. 
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amount  of  opening  is  altered,  and  the  cut-off  is  varied.  A  re- 
versal of  the  inclination,  as  G'^  reverses  the  engine.  The  pin  b 
may  either  be  located  as  shown  or  it  may  be  between  E  and  a, 

(c)  If  any  point  in  a  linkage  moves  in  phase  with  the  crank 
and  describes  a  path  that  is  approximately  circular,  a  pin  located 
at  that  point  can  be  used  instead  of  the  eccentric  to  give  the 
valve  the  motion  equivalent  to  that  obtained  with  the  Marshall 
gear. 


Valvs— »( 

Stem 


pot  Off 


Fig.  200.  —  Joy  Radial  Gear 

In  the  Joy  Gear,  shown  in  Fig.  200,  ac 
is  a  link  with  one  end  attached  to  the  con- 
necting rod  and  the  other  end  to  the  sus- 
pension link  fc.  The  point  E  moves  in 
a  path  which  may  be  substituted  for  the 
eccentric  circle.  The  rest  of  the  linkage 
resembles  the  Marshall  in  character  and 
performance. 

(d)  If,  in  Fig.  201,  the  harmonic  motion 
received  from  an  eccentric  H  opposite  the 
crank  is  combined  with  that  from  another 


v'© -*e' 


Fig.  201. 

eccentric  V  at  right  angles  to  the  f^rst,  the  resultant  motion  is 
equivalent  to  that  which  would  be  obtained  from  an  eccentric 
located  at  £0  (found  by  constructing  the  parallelogram  OVEoH), 


320  BEAT-POWER  ENGiNEEMING 

and  a  valve  reoeiviiig  this  combined  motion  would  operate  eatb* 
factorily.  OH  is  made  equal  to  the  lap  plus  lead,  and  OV  may 
be  varied  to  change  the  angle  of  advance  and  throw  of  the  equiv- 
alent eccentric  £o,  which  has  HEq  as  its  path  and  resembles  tho 
single  variable  eccentric  previously  discussed. 

The  Walschaert  Valve  Gear  shown  in  Fig.  202  uses  this  prin- 
ciple. If  the  link  block  d  is  shifted  to  the  middle  e  of  the  link, 
point  c  will  remain  practically  stationary.    Then  the  lever  ab^ 


Fig.  202.  —  Walschaert  Radial  Gear. 

which  is  pivoted  at  c  and  receives  motion  at  a  from  the  cross- 
head,  will  vibrate  in  such  manner  that  the  end  b  will  displace 
the  valve  a  distance  equal  to  lap  plus  lead  when  the  crosshead 
reaches  the  end  of  its  stroke,  and  that  the  valve  motion  will 
equal  that  received  from  eccentric  OH  in  Fig.  201.  The  Unkfg 
receives  motion  from  an  eccentric  £,  which  is  90  degrees  out  of 
phase  with  the  other  motion.  With  link  block  in  any  position 
d  (other  than  central)  on  the  link,  point  c,  and  consequently  6, 
will  receive  this  motion,  which  is  equivalent  to  that  obtained 
from  eccentric  OV  in  Fig.  201.  The  resultant  motion  of  the 
valve  is  that  which  would  be  given  by  the  eccentric  OEq. 

By  shifting  the  link  block  d  the  amplitude  of  its  motion  can 
be  varied,  and  this  is  accompanied  with  corresponding  change 
in  the  width  of  valve  opening  and  time  of  cut-off.  If  shifted 
above  the  pivot  e,  the  engine  would  be  reversed. 

The  Walschaert  gear  is  widely  used  on  locomotives  of  the 
largest  sizes.  Being  located  on  the  outer  side  of  the  engine,  it 
places  no  limitation  on  the  size  of  the  boiler,  as  does  the  Stephen- 
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son  link  gear,  which  is  located  directly  below  the  boiler  and  re- 
quires considerable  room  for  shifting  from  one  full-gear  position 
to  the  other. 

164.  Poppet  Valves  and  Their  Gears,     (a)  Poppet-lift  valves 
(Figs.  203  and  204)  have  no  friction  nor  wear  from  sliding. 


Fig.  203  Fig.  204. 

They  require  no  lubrication,  and  being  symmetrical  do  not  warp 
wifh  temperature  changes;  hence  they  are  suitable  for  use  with 


Closed 


Fig.  205. 

highly    superheated    steam.     The    ordinary    single    poppet    or 
mushroom  valve,  Fig.  203,  is  hard  to  open  because  of  the  un- 
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balanced  pressure  on  its  back;  therefore,  the  double-seated  type 
of  valve,  one  form  of  which  is  shown  in  Fig.  204,  is  commonly 
used  instead,  since  the  steam  pressures  on  upper  and  lower  sides 
are  about  equal.* 

There  is  a  great  variety  of  arrangements  of  such  valves  and 
of  their  gears. 

(b)  The  valve  may  be  operated  by  a  continuously  rotating 
cam;  and  there  may  be  a  sleeve  with  variable  cam  surface  which 
may  be  moved  endways  to  change  the  valve  events. 

(c)  An  oscillating  cami  as  a  in  Fig.  205,  may  be  used,  and  it 
may  be  driven  by  an  eccentric  which  is  shifted  by  a  shaft  type 
of  governor,  as  in  the  figure;  or  it  may  be  driven  by  a  fixed  eccen- 
tric, in  which  case  the  cut-off  may  be  operated  by  trip  or  by 
shifting  the  cam,  or  by  changing  some  intermediate  linkage  to 
distort  the  motion;  or  closure  may  be  brought  about  by  some 
other  means. 

(d)  The  valve  may  be  operated  by  a  floating  lever  which  ful- 
crums  on  a  cam  surface,  as  6  in  Fig.  205,  and  which  is  driven  by 
an  eccentric,  which  may  be  variable  or  stationary.  The  cut-off 
can  be  changed  by  any  of  the  methods  given  in  (c). 

(e)  Cams  are  also  used  to  operate  other  types  of  valves,  such 
as  piston  valves  and  gridiron  valves. 

^  Allowance  must  be  made  for  the  area  of  the  valve  stem. 


CHAPTER    XX, 

CONVENTIOWAL   IHDICATOH   DUGRAM. 

165.  ConTentional  Diagram  for  Simple  Engines,  (a)  If  the 
L  ftctual  indicator  diagram  has  been  obtaint-d  from  an  engine,  the 

c.p.  may  be  determined  by  any  of  the  methods  discussed  in 
l-Section  102,  and  the  i.h.p.  of  the  engine  may  be  obtained  by 
I  Using  Eq.  210.  In  making  such  computation  for  a  double-act- 
I  ing  engine,  however,  the  area  of  the  piston  rod  must  be  deducted 
I  Irom  the  area  of  the  piston  on  one  side,  and  the  average  of  the 
I  areas  on  the  two  sides  of  the  piston  must  be  used  in  the  formula; 
lor  else  the  i.h.p.  for  each  side  of  the  piston  must  be  computed 
I  eeparately. 

(b)  When  actual  indicator  diagrams  are  not  available,  it  is 
I  customary  to  use  a  conventional  diagram,  with  proper  correc- 
I  tioii  factor,  for  estimating  the  probable  m.e.p. 

(c)  Before  the  conventional  diagrams  can  be  drawn,  however, 
J  the  clearance  volume  in  the  cylinder  must  be  known.  This  vol- 
Liime  can  be  determined  by  pouring     _^ 

measured  quantity  of  water  into 
■the  clearance  space.  It  can  also  be 
1  found  approximately  from  the  actual 
Ijndicator  diagram  in  the  following 
J  manner  (shown  in  Fig.  206):  Select 
■Iwo  points  1  and  2  on  the  expansion 
lltnc  and  draw  a  rectangle  with  these 

mints  as  corners  and  with  the  sides  parallel  to  the  respective 
PV-axes.  Then,  tlie  diagonal  through  the  other  comers  will  cut 
the  V-axis  at  the  origin  0,  assuming  that  the  expansion  equation 
1  PV  =  constant.  Then  CI  in  the  figure  is  the  clearance  vol- 
e  10  scale.  The  compression  curve  may  be  used  in  a  similar 
lanner  to  find  0.  This  makes  application  of  the  construction 
aliown  in  Fig.  11. 

The  clearance  volumes  used  in  practice  are  about  as  follows; 

Single-valve  engine 5  to  15% 

Multi- valve  engines - 2  to    8% 


Fig,  ;o6. 
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(d)  In  constructing  conventional  diagrams  for  estimating  tbe 
probable  power  of  an  engine,  it  is  customary  to  assume  that 
expansion  follows  the  equation  PV  =  PiVi  =  PtVt  =  constant, 
instead  of  being  adiabatic.  This  is  because  the  "  equilateral 
hyperbola  "  is  easier  to  construct  than  the  adiabatic  curve,  and 
because  the  actual  expansion  line  follows  it  as  closely  as  it  does 
the  latter.  The  expansion  line  may  be  constructed  by  the 
methods  shown  in  Figs,  ii  and  12. 

The  foot-pounds  of  work  (A)  represented  by  the  area  (Fig. 
207)  under  such  an  expansion  line  is  found  in  the  manner  already 
discussed  in  Section  29  (c)  to  be 

PdV=PiVi  /  -^  .    .    .    . 


(276) 


=  Piyilog.^=PiVilog.r,*. 


(^77) 


where  r  is  the  ratio  of  expansion (|^j«     In  Fig.  208  r  is  pr- 

(e)  In  the  case  of  an  engine  without  clearance  the  conven- 
tional diagram  is  obcde  of  Fig.  208.    The  work  shown  by  area 


Fig.  207. 


Fig.  208. 


A\  is  Pi7i  foot-pounds,  and  that  represented  by  At  is  PiFj 
log,  r.  Hence  if  the  back  pressure  is  Pj,  the  work  shown  by 
the  conventional  diagram  abcdt  is 

PiFi  +  PiFi  log.  T  -  P2F,  =  P«72, 

in  which  Pm,  is  the  mean  effective  pressure.  Solving  this  equa- 
tion for  P«  gives 

p.  =  p{^^tMi  j_  p.. 

As  the  m.e.p.  is  generally  used  in  pounds  per  square  inch,  it  is 

*  Log«  =  2.302  logio. 
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more  convenient  to  divide  both  sides  of  this  equation  by  144, 
giving 

(278) 


p.-p^[-^^yp. 


The  values  of  the  bracketed  quantity  for  different  values  of 
r  are  given  in  Table  V. 

TABLE  V. 


I  -f-  log,  r 

I  4-  log,  r 

I  4-  log,  r 

r 

r 

r 

r 

r 

r 

x.o 

1. 00 

6.0 

0.465 

16.0 

0.236 

IS 

0.937 

7.0 

0.421 

17.0 

0.226 

2.0 

0.847 

8.0 

0.38s 

18.0 

0.216 

2$ 

0.766 

9.0 

0.3SS 

19.0 

0.208 

3.0 

C.700 

10.0 

0.330 

20.0 

0.200 

3  5 

0.644 

II. 0 

0.309 

21.0 

0.192 

40 

0.597 

12.0 

0.290 

22.0 

0.186 

45 

0.556 

13.0 

0.274 

23.0 

0.180 

SO 

0.52a 

140 

0.260 

24.0 

0.174 

5  S 

0.492 

IS  0 

0.247 

25.0 

0.169 

(f)  The  actual  indicator  diagram  of  course  differs  from  the 
computed  one  drawn  by  this  method.  The  ratio  of  the  area 
of  the  actual  to  that  of  the  conventional  diagram  is  called  the 
"  Diagram  Factor  "  {DF).  Then  if  the  diagram  factor  is  known 
for  engines  similar  to  that  which  is  being  considered,  the  prob- 
able m.e.p.  for  the  new  engine  is 


pj  =  DFx  Pm. 


(279) 

It  is  a  common  practice  to  use  Eq.   (278)  even  for  engines 

which  have  clearance,  and  to  substitute  (  — : — ^^ — 7:-  )  for  r,  thus 

\cut-off  ratio/ 

ignoring  the  clearance. 

The  diagram  factors  to  be  used  for  different  types  of  engines 

in  such  cases  are  given  in  the  following  table: 

TABLE  VL  — DLVGRAM   FACTORS. 

Simple  slide-valve  engine 55  to  90% 

Simple  Corliss  engine 85  to  90 

Compound  slide-valve  engine 55  to  80 

Compound  Corliss  engine 75  to  85 

Triple-expansion  engines 55  to  70 

(g)  The  conventional  diagram  for  an  engine  with  clearance 
is  shown  by  abcde  in  Fig.  209.     Here  the  ratio  of  expansion  is 

r=  fL  +  «  ^  (/  +  /,), (280) 

using  scalar  distances  to  represent  volumes. 
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The  net  work  shown  by  the  area  is 

i4  =  i4i  +  At  —  Ax 

=  Pi/+Pi(fc  +  /)log.r-P,L.    .     .     .     (281) 

Dividing  by  L  and  by  144  gives  the  mean  effective  pressure  for 
this  case  as  follows: 


H- 


(282) 


To  simplify  this  expression,  let  C  =  y  =  cut-off  ratio,  and  -f  ~  ^^ 
=  clearance  ratio;  then 

pm=pilC+(c  +  C)log,rl-pt.     .     .     .     (283) 

The  diagram  factors  for  this  case  are  3  or  4  per  cent  larger 
than  those  given  in  Table  VI. 


»5^ 


•a  15 


1^ 1 ^ 


M 1 ** 


Fig.  209. 

(h)  With  compression,  the  diagram  of  Fig.  209  is  reduced  by 
the  area  D  in  Fig.  210. 

If  pf  is  the  pressure  at  the  end  of  compression,  the  reduction 
of  the  m.e.p.  caused  by  this  small  area  is  evidently 


from  which,  since 


/>»!>  = /./(^)  log.  (^')-^*: 

pi  (/*  +  h) 


Pt  = 


Subtracting  this  from  Eq.  282  and  letting  k  represent  the 
compression  ratio  ( yj,  gives  the  m.e.p.  of  diagram  abcdef  as 

Pm=px\  C+{C+C)  loge  r\  -P,  j  1  -k  +  {k+c)  log.^  I  .       (284) 
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In  this  case  the  diagram  factors  are  4  to  6  per  cent  larger 
than  the  values  given  in  Table  VI. 

(i)  A  conventional  diagram  that  approaches  closer  to  the 
actual  diagram  than  any  that  have  been  discussed  is  shown  in 
Fig.  211.  This  has  the  sloping  admission  line.  The  area  is 
made  up  of  the  triangle  A  and  the  area  B,  similar  to  that  for   1 


t 


which  Eq.  284  was  developed,  and  much  less  correction  is  nec- 
essary for  obtaining  the  probable  ra.e.p.  than  in  the  previous   , 
cases. 

(j)  For  noncondensing  simple  slide-valve  engines  operating  ' 
under  ordinary  conditions,  with  steam  pressure  about  100  pounds 
gauge,  the  m.e.p.  at  the  most  economical  cut-off  is  about  one- 
half  the  initial  gauge  pressure.  For  simple  Corliss  engines  the 
m.e.p.  is  about  four-tenths  the  initial  gauge  pressure,  under  the 
same  conditions. 

These  values  may  be  used  only  when  the  estimates  are  very 
approximate. 

t66.  Conventional  Diagrams  for  Multiple-Expansion  En- 
gines, (a)  By  referring  to  Fig.  93,  on  which  diagrams  of  both 
the  high-pressure  and  the  low-pressure  cylinders  of  a  compound 
engine  are  drawn  to  the  same  scale,  it  will  be  seen  that  if 
the  dividing  line  at  7"^  is  omitted,  there  results  a  single  indi- 
cator diagram  of  area  equal  to  the  sum  of  the  areas  H.P.  and 
L.P. ;  thus,  theoretically,  a  simple  engine  of  the  same  size  ; 
the  lower-pressure  cylinder  (total  volume  =  Vj)  would  give  the 
same  amount  of  power  with  this  single  diagram  as  is  obtained  \ 
with  the  two  cylinders  of  the  compound  etigine. 

Evidently,  then,  to  calculate  the  i.h.p.  of  the  compound  en- 
gine, it  is  only  necessary  to  consider  the  m.e.p.  of  this  simple 
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(or  "  combined  ")  diagram  as  acting  on  the  low-pnesBUfe  (wtoiL 
The  i.h.p.  of  triple-  and  quadniple-expansioa  eiigiiic«  can  be 
computed  in  a  similar  manner. 

The  m.e.p.  of  the  combined  diagram  is  usually  called  ^tk 
''m.e.p.  referred  to  the  low-pressure  cylinder/*  or  mcHre  hnAf 
the  **  referred  m.e.p."  Its  theoretical  value  can  be  computed 
by  Eqs.  (278),  (283),  or  (284),  and  the  probable  m^.p.  is  found 
by  correcting  with  the  diagram  factor.  Values  of  the  latter  are 
given  in  Table  VI  for  use  with  Elq.  (278).  Modified  values 
should  be  used  with  Eqs.  (283)  and  (284). 

(b)  If  it  is  desired  to  estimate  the  size  of  a  compound  engine 
that  will  give  a  specified  amount  of  power,  the  referred  m.e.p. 
is  first  computed;  then  with  the  stroke,  L  (feet),  and  number* 
of  cycles  per  minute  selected,  the  area  of  the  low-pressure  pislem 
(square  inches)  to  give  any  i.h.p.  can  be  computed  frc»n 

_     i.h.p.  X  33,000  .      . 

'''''^p^RXDFxLXn' ^^^5) 

in  which  Z>F  is  the  diagram  factor  (see  Table  VI). 

Then  with  the  ratio  R  of  low-pressure  cylinder  volume  to 
that  of  the  high-pressure  cylinder  known,  the  area  of  the  high- 
pressure  piston  is  of  course  1/R  th  of  the  low-pressure  area  if  the 
strokes  are  equal. 

The  size  of  the  cylinders  in  triple-  and  quadruple-expansion 
engines  is  found  in  similar  manner.  The  cylinder  ratios  to  be 
used  are  found  in  Section  170. 

(c)  The  diagrams  of  multiple-expansion  engines  will  now  be 
considered  more  in  detail,  and  to  facilitate  the  discussion  the 
engines  will  be  divided  into  two  groups:  (i)  the  Woolf  type, 
without  receivers;  and  (2)  engines  with  receivers. 

167.  Diagrams  of  Woolf  Type  of  Engine,  (a)  The  com- 
pound engine  was  patented  in  1781  by  Jonathan  Homblower, 
but  \\  att's  broad  patents  on  expansion  steam  engines  delayed 
its  use.  In  1804,  Woolf  reintroduced  the  compound  engine  and 
used  an  arrangement  in  which  the  steam  was  exhausted  from 
the  high-pressure  cylinder,  directly  through  very  short  passages 
to  the  low-pressure  cylinder.  Because  there  is  little  or  no  re- 
ceiver volume  or  storage  volume  between  the  cylinders  in  such 
an  engine,  it  is  necessary  for  the  pistons  to  start  and  finish  their 
strokes  together,  and  the  low-pressure  cylinder  must  receive  steam 
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I mroughoul  its  fHtire  stroke  from  the  high-pressure  cylinder.  If  the 
■earn  were  cut  off  in  the  low-pressun;  cylinder,  there  would  be 
Pd  place  into  which  the  high-pressure  steam  could  be  exhausted 
during  the  remainder  of  the  stroke  after  this  cut-off  had  occurred. 
The  pistons  may  move  together  or  in  opposite  directions. 

(b)    Kig.  212  (a)  shows  a  Woolf  engine  whose  pistons  move 
synchronously  and  in  the  same  direction.     This  motion  would 


result  if  both  piston  rods  were  connected 
"  walking  beam  "  or  to  cranks  set  togelhi 
tlie  indicator  diagram  //  is  for 
thf  head  yntl  of  the  high-pressure 
cylinder  and  L  is  for  the  crank 
end  of  the  low-pressure  cylin- 
der,  clearance   volume    being 
neglected    in    both    cases.      In 
«|Mrrat!on,  steam  is  admitted  to 
the  high-pressure  cjlinder  ac- 
cording to  line  abc;  it  is  cut  off 
at  c;  is  expanded  along  cd;  and       '' 
it  is  exhausted  from  the  high-  W 
pressure  cylinder  along  line  da.       « 

I  This  steam  exhausted  from  the       c 
llijjh -pressure  cylinder  is   re- 
ceived  by  the    low-pressure 
b>'linder  along  the  line  -IBCand 
IB  then  exhausted  along  line  CDA 
Bbei 


same  end  of  a 
In  Fig.  212  (6) 


Fig.: 


BC  and  da  will  be  called 
lereafter  the  line  of  transference  or  receiTer  line.  In  Fig,  212 
(b)  the  indir^itr)r  cards  of  both  cylinders  have  the  same  Icngili, 
that  is.  the  abscissas  are  piston  positions,  and  are  numbered  to 
correspond  with  the  positions  shown  in  Fig.  312  (a). 

In  Fig.  212  (c)  the  diagrams  have  lieen  "  combined,"  with 
abscissas  representing  the  respective  volumes  in  the  two  cyl- 
inders. In  Fig.  212  id)  the  diagrams  have  been  combined  in 
such  a  way  that  the  volume  of  the  steam  during  transference 
from  the  firsl  to  the  second  cylinder  ran  lie  scaled  directly. 
Thus,  when  the  pistons  have  reached  simultaneous  positions  2 
and  2'  the  distance  a'-i'  (=  ox)  is  the  volume  of  steam  in  the 
high- pressure  cylinder,  the  distance  4-2  (=  oX)  is  the  volume  it 
occupies  in  the  low-prciwure  cylinder,  and  distance  2'-2  (=s  Xx) 
16  the  total  volume  of  the  sieam  between  the  two  pistons  for 
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this  position  in  the  stroke.  Obviously,  the  distances  between 
piston  positions  bearing  like  numbers  in  this  figure  represent 
the  volumes  of  steam  during  the  period  of  transference.  After 
these  volumes  have  been  determined  (by  scaling),  the  pressures 
at  the  corresponding  piston  positions  can  be  found  if  the  expan- 
sion is  assumed  to  be  hyperbolic,  for  during  expansions  cd,  da, 
and  BC  the  product  PV  remains  constant,  since  there  is  no 
change  in  the  quantity  of  steam  involved  during  these  processes. 
Thus  the  high-  and  low-pressure  PV-diagrams  can  be  readily 
constructed. 

i68.  Diagrams  for  Engines  with  Infinite  Receivers  and  No 
Clearance  (General),  (a)  If  a  receiver  of  infinite  volume  is 
placed  between  the  cylinders  of  the  Woolf  engine  th6  curves  da 
and  BC,  in  Fig.  212,  would  become  horizontal  straight  lines,  and 
the  low-pressure  indicator  diagram  would  be  a  rectangle.  Evi- 
dently, with  finite  receiver,  the  larger  the  receiver  vcrfume  the 
more  nearly  horizontal  and  straight  will  the  line  of  transference 
become. 

With  a  receiver  of  considerable  volume  into  which  the  high- 
pressure  cylinder  can  exhaust,  it  is  possible  to  "  cut  off  "  in 
the  low-pressure  cylinder  and  thus  to  expand  the  steam  inde- 
pendently in  this  cylinder.  The  pressure  of  the  receiver  will 
vary,  because  part  of  the  time  steam  is  being  received  from  the 
high-pressure  cylinder,  at  other  times  steam  is  being  delivered 
to  the  low-pressure  cylinder,  and  during  part  of  the  cycle  both 
of  these  operations  may  occur  simultaneously.  Consequently 
the  back-pressure  line  on  the  H.P.  indicator  diagram  and  the 
admission  line  of  the  L.P.  diagram  will  be  irregular.  The 
character  of  the  line  of  transference  will  be  discussed  in  detail 
later. 

(b)  WTien  a  receiver  of  considerable  volume  is  used  it  is  pos- 
sible to  have  any  angle  between  the 
cranks  of  the  two  cylinders,  whereas  in 
the  Woolf  engine  this  angle  is  limited  to 
zero  degrees  or  180  degrees  in  cases  where 
there  is  a  separate  crank  for  each  cylinder. 
(c)  I n  Fig.  21^,  AbcD  is  a  conventional 
Fig.  213.  "  combined  **  diagram  for  a  compound 

engine  with  receiver  of  infinite  volume.    In  it,  i4Z>  is  the  volume 
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of  the  low-pressure  cylinder,  ad  is  that  of  the  high-pressure  tyl- 
imler.  6c  is  the  volume  of  steam  admitted  to  the  high -pressure, 
cjlinder,  and  BC  is  that  at  the  time  of  cut-off  in  the  low-pressure 
cylinder.     Then 


'fn  =  ratio  of  expansion  in  the  high-pressure  cylinder; 


=  rL=  ratio  of  expansion  in  the  low-pressure  cylinder; 


_=ry=  total  ratio  of  expansion. 
Since,  if  hyperbolic  expansion  is  assumed, 
P.{i>c)  =  pAad). 
tlic  receiver  pressure  is  evidently 


P^^p. 


1 


fid/ 


(28( 


for  the  case  in  which  the  expansion  is  complete  in  both  cylinders. 

(d)  It  is  evident  that  the  horizontal  transfer  line  obtained 
with  a  receiver  of  infinite  volume  would  correspond  to  the  mean 
transfer  pressure  if  a  receiver  of  finite  volume  is  used,  and  that 
indicator  diagrams  drawn  with  this  horizontal  transfer  line  would 
faa\'e  practically  the  same  areas  as  with  the  variable  line  of  the 
email  receiver.  Hence  these  diagrams  may  not  only  be  used 
for  the  engine  as  a  whole  but  also  when  each  cylinder  is  con- 
sidered separately. 

(e)  Changing  the  low-pressure  cut-off  to  make  it  occur  earlier 
results  (1)  in  raising  the  receiver  line,  as  shown  dotted  in  Fig.  Z13; 
it  also  results  {2)  in  a  reduction  of  the  area  of  the  high-pressure 
diagram  and  (3)  an  increase  in  the  area  of  the  low-pressure  dia- 
gram. Making  the  low-pressure  cul-ofT  later  reverses  these  re- 
sults. Thus  the  cut-off  in  the  low-pressure  cylinder  influences  the 
receiver  pressure  and  distribution  of  work  between  the  cylinders, 
but  does  not  affect  the  total  work  done  by  the  engine. 

(f)  The  selection  of  the  receiver  pressure  is  based  on  the  fol- 
lowing considerations: 

(l)  For  greatest  economy  in  the  use  of  steam  the  temperature 
ranges  in  the  two  cylinders  should  probably  be  equal,  although 
-this  is  not  certain.  Hence  the  receiver  pressure  should  probably 
be  such   that  the  corresponding   temperature  of  the  steam  is 
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midway  between  the  initial  and  final  temperatures  of  the  work- 
ing fluid.  Other  considerations  may  be  more  important  than 
this,  however. 

(2)  It  is  sometimes  desirable  to  have  the  same  cut-off  (that  is, 
the  same  expansion  ratios)  in  both  cylinders. '  For  example, 
in  the  tandem  compound  engine  shown  in  Fig.  107,  the  two 
valves  are  on  the  same  rod,  hence  the  cut-oflfs  in  the  two  cylin- 
ders must  change  together. 

(3)  Usually  it  is  desirable  to  have  equal  work  done  in  the  two 
cylinders.  In  this  case  the  receiver  line  should  be  so  drawn 
that  the  areas  of  the  high-pressure  and  low-pressure  diagrams 
are  equal.  This  is  especially  desirable  when  the  engine  is  a 
cross  compound. 

(4)  In  some  special  cases,  equal  maximum  thrusts  on  the 
piston  rods  are  desirable,  and  these  thrusts  are  dependent  on  the 
receiver  pressure. 

(5)  The  uniformity  of  turning  effort  is  dependent  on  the  shape 
and  relative  proportions  of  the  indicator  diagrams  of  the  two 
c>'linders,  and  hence  is  dependent  on  the  receiver  pressure. 

Usually  compound  engines  are  operated  to  perform  equal  work 
in  the  two  cylinders,  and  this  gives  about  as  uniform  a  crank  effort 
as  is  possible,  and  hence,  considerations  (3)  and  (5)  are  satisfied 
together  with  sufficient  accuracy  foF  ordinary  purposes. 

169.  Receiver  Pressures  in  Compound  Engines  with  Infinite 
Receivers  and  No  Clearance,  (a)  It  has  just  been  seen  that 
the  distribution  of  work  among  the  cylinders  depends  on  the 
receiver  pressures,  hence  the  problem  is  one  of  determining  the 
mean  receiver  pressures  which  will  give  the  desired  distribution. 
The  receiver  pressure  may  be  determined  either  graphically  or 
anal>'tically,  using  the  conventional  diagram.  The  receiver  vol- 
ume will  be  considered  infinite  and  the  clearance  zero. 

(b)  The  graphical  method  will  be  considered  first. 

Let  />i,  />2,  and  Vo  in  Fig.  214  be  given,  and  assume  a  terminal 
pressure  po  such  as  will  give  the  drop  (DE)  in  pressure  in  ac- 
cordance with  Section  ill.  With  this  data  available,  the  com- 
bined PV-diagram,  AbcDE,  can  be  easily  drawn  and  its  work 
area  can  be  determined.  If  the  high-pressure  cylinder  is  to  do 
1/wth  of  the  total  work,  the  area  H  will  be  1/nth  of  the  total 
area.     The  problem  then  is  to  find  the  location  of  line  ad  whidh 
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will  give  this  distribution  of  work.  The  line  ad  can  be  drawrt 
tentatively  and  then  the  area  above  it  can  be  integrated  by 
planimeter  to  see  if  it  has  the  proper  value.  If  it  is  not  correct, 
another  position  of  ad  can  be  tested,  and  by  repeated  trials  a 
proper  receiver  line  can  be  obtained  by  this  "  cut  and  try  ** 
method.  This  same  method  can  be  used  when  the  H.P.  expan- 
sion is  incomplete  (i.e.,  when  the  toe  of  the  H.P.  diagram  is 
removed)  as  in  Fig.  215,  and  can  also  be  applied  to  multiple- 
expansion  engines  with  any  number  of  expansion  cylinders. 


K-Vr-1 


Fig.  214. 


Fig.  215. 


In  Figs.  214  and  215,  Vu  is  the  volume  of  the  high-pressure 
cylinder;  and  the  corresponding  mean  effective  pressure  acting 
in  the  high- pressure  cylinder  is 

area  H 


Pmll  = 


X  scale  of  ordinates.  . 


length  Vh 

Similarly  the  L.P.  mean  eflfcctive  pressure  is 

area  L 


(287) 


pmL  = 


X  scale  of  ordinates. 


length  Vl 

The  total  m.e.p.  **  referred  **  to  the  low-pressure  cylinder  is 

area  {H  +  L) 


(288) 


PmR  =  ■     ,- 


X  scale  of  ordinates.  . 


(289) 


length  Vl 

(c)  By  removing  the  toe  from  the  H.P.  diagram,  as  in  Fig. 

215,  the  high-pressure  cylinder  is  decreased  in  volume  in  the 

ac 
ratio  j^-^   and  the  cost  of  the  engine  is  consequently  reduced. 

On  account  of  this  saving,  and  because  the  expansion  should  not 
he  to  a  pressure  lower  than  that  which  is  sufficient  to  overcome 
the  engine  friction,  most  compound  engines  are  operated  with 
the  drop  de  at  release  in  the  high-pressure  cylinder. 
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Hence,  only  that  case  will  be  considered  in  the  aiudtytical 
method  which  follows: 

It  will  be  assumed  that  the  expansion  is  hypeiixdic,  that  the 
receiver  volume  is  infinite,  and  that  the  clearance  volumes  are 
zero. 
^       (d)  In  Fig.  215.  let 

p\  =  Initial  pressure  (lbs*  SQ*  ii^O ; 
pt  =  L.P.  back  pressure  (lbs.  sq.  in.) ; 
/>«=  Receiver  pressure  (lbs.  sq.  in.); 
/>D=  Release  pressure  in  low-pressure  cylinder; 
R  =  Cylinder  ratio  =  (vol.   low-pressure  cylinder)  +  (vol. 
high-pressure  cylinder)  =  Vl/Vh 
=  (area  low-pressure  piston)  -r-  (area  high-pressure  piston) 
when  the  piston  strokes  are  equal,  as  they  usually  are. 

r  J.  =  Total  ratio  of  expansion  *  -^  =  tjt  ; 

Pd      ^i 

fff  =  Ratio  of  expansion  in  high-pressure  cylinder  «  j^  ; 

Vl 
Ti^  =  Ratio  of  expansion  in  the  low-pressure  cylinder  «  ^ ; 

pmH  =  M.e.p.  of  the  steam  in  high-pressure  cylinder  (pounds 

square  inch) ; 
pmL  =  M.e.p.  of  the  steam  in  low-pressure  cylinder  (pounds 

square  inch) ; 
pmR  =  Total  m.e.p.  ''referred"  to  the  low-pressure  cylinder 
(pounds  square  inch). 

Since 

'^'^  -  7i  ~  7i       Vl 

and  since 

Vl  a    Vl       ^ 

y^  =  rj.  and  ^  =  R, 

it  is  evident  that  the  ratio  of  expansion  in  the  high-pressure 

cylifider  is 

rg^  rj.-¥-  R (290) 

(e)  As  the  L.P.  piston  is  R  times  as  large  as  the  H.P.  piston 
(the  strokes  being  assumed  equal),  the  intensity  of  pressure  on 
the  L.P.  piston  that  would  do  work  equal  that  due  to  the  H.P. 
mean  effective  pressure  is  evidently  pmn/R-    Then  if  the  high- 


-Crym 
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pressure  cylinder  is  to  do  1/n  th  of  the  total  work,  it  must  follow 
that  the  H.P.  m-e-p.  referred  to  the  L.P,  piston  will  be  equal  to 


- ,  hence 

Now.  from  Eq.  (278), 
and 


R  n 


P^R 


(291) 
{292) 


I+J2& 
''11 

in  which  K  \s  a  factor  introduced  to  correct  for  the  loss  due  to 
the  omission  of  the  toe  of  the  H.P, -diagram.  It  ranges  from 
O.g  to  1,0,  the  latter  value  being  for  the  complete  expansion  in 
the  high -pressure  cylinder. 

Substituting  for  pp,n  and  pu,R  in  Eq.  (291)  and  solving  for  pg, 
icsults  in  the  following  expression  for  the  receiver  pressure  which 
will  give  the  desired  distribution  of  work: 

(f)  With  Ps  known  the  ratio  of  expansion  in  the  low-pressure 

Vl_Pr  , 


cylinder  can  then  be  found.     Since  r^  = 


(i:) 


Vc        pD 


(see  Fig.  215) 


(295) 


fg)  Thisanaiytical  method  not  only  applies 
to  iwo-stage  compound  engines  but  also  to 
multiple-expansion  engines  having  any 
number  of  expansion  cylinders.  Thus,  if 
the   work   is   equally  distributed   among  x   v.. ' 

linders  (for  example,  a:  =  3  in  Fig.  216), 
the  work  in  the  first  cylinder  is  1/j:  th  of 

e  total.    Then  the  pressure  (/>«,) '«  the  first  '^*  " 

:eiver  can  be  found  from  Eq,  (294),  with  x  substituted  for  «. 

The  second  cylinder  receives  steam  at  this  same  receiver  pres- 
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sure  (pad;  and  this  c>'linder  and  the  succeeding  ones  can  be 

considered  as  constituting  another  engine  with  initial  pressure 

equal  to  pR^  and  with  (x  —  1)  c>*linders.    This  engine  will  do 

(x  —  1) 

parts  of  the  work  of  the  whole  engine,  and  this  seccmd 

c\linder  (considered  now  as  a  high-pressure  cylinder)  will  do 

T7^    -th  of  this  work.      Then  the  pressure  (pR^  in  the  second 

receiver  can  be  found  by  again  using  Eq.  (294)  with  (x  —  1)  ^b- 
stituted  for  n  and  by  making  such  other  changes  as  will  be 
apparent.  Pressures  in  succeeding  receivers  (if  any)  can  be 
found  in  like  manner. 

(h)  In  a  triple-expansion  enginei  after  the  ratio  R  of  low- 
pressure  cylinder  to  high-pressure  and  ratio  Rih  of  LP.  to  H.P. 
have  been  selected,  it  is  e\4dent  (since  Fl=  VsRsLnd  Vi=V.hRjh) 
that  the  cylinder  ratio  Ru  of  L.P.  to  I. P.  is 

^^'  =  P7  =  ]^ (296) 

(i)  Following  (f)  of  this  section,  the  ratio  of  expansion  in  the 

low-pressure  cylinder  is 


Tl 


Also,  by  analogy,  r^  =  ( -^ )  r^. ,  in  which  rj-  is  the  total  expansion 

\pRi/     ' 

in  the  intermediate-pressure  and  the  low-pressure  cylinders  com- 
bined.   After  rL  is  known,  rf^  can  be  computed  from  rj'^=  rj^  I  —  )• 

Then  by  comparison  with  Eq.  (290)  it  is  seen  that  the  rcUio 
of  expausioji  in  the  intermediate-pressure  cylinder  is 


''/  —  ^T.  "^  RjL  — 


_     ^L 


Ru 


(f^ <='»> 


The  ratios  of  expansion  in  a  (juadruple-expansion  engine  would 
l-)e  determined  in  a  similar  manner. 

170.  Cylinder  and  Expansion  Ratios  Used  in  Multiple-Ex- 
pansion Engines,  fa)  In  general  the  greater  the  total  range  of 
pressures  in  the  engine  the  larger  should  be  the  cylinder  ratio 
and    the    expansion    ratio.     Thus    high-pressure    engines    have 
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larger  ratios  than  low-pressure  engines,  and  those  condensing 
have  greater  ratios  than  those  which  operate  noncondensing. 
Practice  varies  widely  and  only  the  average  values  can  be 
given  here. 

(b)  Modem  compound  engines  usually  operate  with  steam 
pressures  between  125  pounds  and  150  pounds  gauge.  In  many 
instances,  however,  much  higher  and  lower  values  have  been 
used.  Stationary  engines  of  this  type  usually  have  cut-offs  in 
the  high-pressure  cylinders  between  0.25  and  0.4  of  the  stroke 
under  normal  load.  With  late  cut-off  a  smaller  engine  can  be 
used  for  a  given  power  than  with  early  cut-off;  but  the  conse- 
quent saving  in  '*  first  cost  "  of  engine  may  be  more  than 
balanced  by  loss  in  efficiency  and  greater  cost  of  operation. 
Cylinder  ratios  customarily  used  are  about  as  follows: 

CYUNDER  RATIOS  FOR  COMPOUND   ENGINES. 

Cylinder  ratio. 2\         3}  4  4J 

Gauge  pressure,  noncondensing 100       120 

Gauge  pressure,  condensing 100        120        150 

Dividing  the  cylinder  ratio  by  the  H.P.  cut-off  fraction  (0.25 
to  0.4)  gives  the  total  ratio  of  expansion.  What  the  best  cyl- 
inder and  expansion  ratios  are,  is  still  under  discussion.  Some 
advocate  cylinder  ratios  even  as  large  as  6  or  7  and  remarkable 
economies  have  been  obtained  with  such.* 

(c)  The  ratio  of  expansion  is  sometimes  fixed  by  first  assum- 
ing the  pressure  drop  at  release.  If  this  drop  is  added  to  the 
L.P.  exhaust  pressure,  the  pressure  (/>/>  in  Fig.  215)  at  release 
is  obtained.  Then,  considering  the  expansion  to  be  hyperbolic, 
the  total  ratio  of  expansion  on  the  conventional  diagram  is 

''r  =  T^» (299) 

Pd 

which  is  approximated  more  or  less  closely  in  the  actual  case. 
If  the  expansion  ratio  {rn)  in  the  high-pressure  cylinder  is  then 
selected,  the  cylinder  ratio  is 

i?  =  ? (300) 

*  r     =6.25  Cross  Compound  Corliss.     Am.  Electrician,  June,  1903. 
T  =  7-3    Fleming  Four-valve.     Trans.  A.  S.  M.  E.,  Vol.  XXV,  page  212. 
tt  —  6  .4    Tandem  Compound  Corliss  —  Barrus'  Engine  Tests,  page  185. 
rj-  —  6.2    Edison  Waterside  Station,  New  York.   Power  ^  July,  1904,  page  424. 
Also  see  papers  in  Trans.  A.  S.  M.  E. 
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After  the  receiver  pressure,  wbidi  will  give  the  proper  distii- 
bution  of  work  between  the  cylinders,  has  been  determined,  die 
drop  in  pressure  at  H.P.  rdease  should  be  checked. 

(d)  Modem  tripk-expansum  engines  usually  operate  with 
steam  pressures  from  150  pounds  to  180  pounds  gauge  or  even 
higher.  The  pressure  at  L.P.  rdease  in  condensing  marine  a- 
gines  is  commonly  about  15  pounds  per  square  inch  absolute  under 
normal  load,  and  in  stationary  engines  it  is  about  half  this  value. 
As  before,  the  total  expansion  ratio  {tj)  can  be  found  approx- 
imately by  di\4ding  the  initial  pressure  by  the  L.P.  release  pres- 
sure (considering  the  expansion  to  be  hyperb(Jic) ;  or  it  can  be 
obtained  from  economy  curves  of  similar  engines  operating  under 
similar  conditions,  when  ratios  have  been  used  as  abscissas. 

The  H.P.  cut-off  in  marine  engines  is  usually  from  0.55  to  0.7 
of  the  stroke  and  in  stationary  engines  is  much  earlier.  The 
H.P.  expansion  ratio  (rjj)  is  the  reciprocal  of  this  cut-ofiF  ratio 
(n^lecting  clearance).      \^th  rr  and  ra  known,  the  voltime 

ratio  of  high-pressure  to  low-pressure  cylinder  is  R  —  — .     If 

the  strokes  are  equal,  as  is  almost  invariably  the  case,  the  ratio 
of  piston  areas  will  be  the  same  as  the  volume  ratio. 

If  the  con\'entional  diagrams  of  the  various  cylinders  have 
sharp  toes,  the  work  will  be  equally  distributed  among  the  cylin- 
ders if  the  c>'linder  volumes   (or  piston  areas)  are  such  that 

TT  T 

-J  =  Y  (in  which  the  letters  refer  to  the  high-,  intermediate, 

and  low-pressure  cylinder  volumes,  or  areas).     In  such  a  case  the 
intermediate  cylinder  volume  (or  piston  area)  is  found  from 

/=  VHX  L. 

In  the  actual  case,  because  of  departure  of  the  real  indicator 
diagrams  from  the  theoretical  and  because  of  cylinder  conden- 
sation, cushion  steam,  etc.,  the  intermediate-pressure  cylinder  is 
made  a  little  smaller  than  this  equation  would  give.  Seaton* 
states  that  in  marine  practice  the  intermediate  cylinder  volume 
(or  piston  area)  is  about  as  given  by  the  following  equation  : 

^     y/WyTL  ,      ^ 

^  =  — o— (301) 

*  Sea  ton's  ''Manual  of  Marine  Engineering";  or  Seaton  and  Roanthwaite^a 
"Pocket  Book  of  Marine  Engineering." 
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Marine  triple-expansion  engines  are  proportioned  about  as 
follows: 

Initial  pressure,  abs. 165  175  195 

Ratio/ to  £r 2.33  2.4  2.54 

Ratio  L  to  F 6.6  7.0  7.8 

Total  expansion  ratio. 11.  11. 7  13. 

(e)  Quadruple-expansion  engines  usually  operate  with  pressures 
from  175  to  225  pounds  gauge.  The  L.P.  terminal  pressures 
and  H.P.  cut-off  percentages  are  about  the  same  as  for  triple- 
expansion  engines.  Thus  the  total  expansion  ratios  are  some- 
what larger  than  in  the  latter  engines.  If  the  ratios  of  adjacent 
cylinders  are  made  equal,  then 


H      h      It 


±i  =  i!  =  4^=|?„ 


in  which  /i  and  /j  refer  to  the  first  and  second  intermediate 
cylinders.     From  which  it  follows  that 

Ii^RM (302) 

/,  =  RJi  =  R.m (303) 

L  =  RJt  =  R.'H (304) 

L 
Hence  the  ratio  of  adjacent  cylinders  (assuming -=>  known)  is 


R.  =  \jj. 


(305) 


or  the  ratio  of  low-pressure  to  high-pressure  cylinder  (assuming 
Rg  known)  is 

R  =  j^=  Rx^ (306) 

After  Rx,  H,  and  L  are  known,  /i  and  1 2  follow  from  Eqs. 
(302),  (303).  These  values  of  I\  and  1 2  should  be  reduced  some- 
what, for  the  same  reasons  that  were  given  in  the  case  of  the 
triple-expansion  engine. 

In  quadruple-expansion  marine  engines  the  cylinders  are  about 
in  the  following  proportions: —  i  :  1.8  :  3.6  :  7.8.  A  study*  of 
14  different  quadruple-expansion  engines,  with  pressures  about 

♦  H.  H.  Suplee.    Trans.  A.  S.  M.  E.,  Vol.  X,  page  583. 
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1 80  pounds  per  square  inch,  showed  the  average  cylinder  propor- 
tions to  be  1 :  2  :  3.78  :  7.70;  or  nearly  1:2:4:8.* 

171.  The  Theoretical  Indicator  Diagram  of  Multi^e-SipiiH 
sion  Engines   with  Clearance.      In  the  foregoing  di8CU88io& 

clearance  was  neglected.     If  clearance  is 
p  - 1        I  considered,   the    results  will   be   changed 

somewhat.     In  such  cases  the  analytical 
method  is  a  little  complicated,  hence  the 


n 


I-CIhA 


CItT 


*---h — ^^^"^^^     graphical  method  is  generally  the  best  one 


to  use.    This  method  needs  no  explanation. 
"T.  "    In  the  theoretical   cards  of  a  compound 

engine  with  clearance,  as  shown  in  Fig.  217, 


the  total  ratio  of  expansion  is 

_  Ll+CIl 
""^  Ih  +  CIb' 
the  H.P.  ratio  of  expansion  is 

,    _Lh  +  CIh 
'^^  ~  h  +  Cla  ' 


the  cylinder  ratio  is 


Ih  II 

and  the  H.P.  and  L.P.  cut-off  ratios  are  respectively -f-  and 


Lh  —  L 


L 


172.  Effects  of  Changing  the  Cut-offs  in  the  Respectiye 
Cylinders  of  Multiple-Expansion  Engines,  (a)  In  *'  regulating  " 
the  engine  to  make  the  power  output  equal  to  the  demand,  the 
steam  distribution  to  the  cylinders  can  be  varied  in  several  ways. 

(b)  It  has  already  been  shown  that  the  effect  of  making  the 
L.P.  cut-off  occur  later  in  the  stroke  (other  things  remaining  the 
same)  is  (i)  to  lower  the  receiver  pressure,  (2)  to  increase  the 
H.P.  work,  (3)  to  decrease  the  L.P.  work;  and  vice  versa.  But 
(4)  such  change  does  not  affect  the  total  work  of  the  engine  if 
the  toes  of  the  diagrams  are  not  lost,  hence  the  engine  cannot 
be  regulated  by  changing  merely  the  L.P.  cut-off. 

(c)  If  the  L.P.  cut-off  is  fixed,  and  the  H.P.  cut-off  is  made  to 

*  For  data  relating  to  multiple-expansion  marine  engines,  see  Seaton's  "  Manual 
of  Marine  Engineering,"  Robertson's  "Translation  of  Bauer's  Marine  Engines  and 
Boilers."  For  all  types  of  multiple-expansion  engines,  see  Heck's  "The  Steam 
Engine,"  Vol.  II,  pages  506-9,  and  Gebhardt's  "  Steam  Power  Plant  Engineeriiig." 
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occur  later,  there  results  (i)  an  increase  in  the  receiver  pressure 
(Fig.  218),  (2)  a  greater  increase  in  the  L.P.  work  than  in 
the  H.P.  work.  Making  H.P.  cut-off  occur 
earlier  produces  the  reverse  effects.  Com- 
pound engines  can  be  regulated  by  having  an 
automatic  governor  control  only  the  cut-off 
in  the  high-pressure  cylinder.  But  in  such 
case,  if  there  is  much  change  in  the  load  on 
the  engine,  the  L.P.  cut-off  should  be  ad- 
justed by  hand  to  equalize  the  distribution 
of  the  load  between  the  cylinders. 

(d)  If  the  initial,  receiver,  and  exhaust  pressure  lines  on  a 
PV-diagram  for  a  compound  engine  are  extended  from  one  hy- 
perbolic expansion  line  to  another,  as  from  cD  to  c'D'  in  Fig.  219 
(fl),  it  will  be  found  (i)  that  the  expansion  ratios  in  the  cylinders 
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remain  unchanged;  and  that,  in  consequence,  (2)  the  propor- 
tionate distribution  of  work  between  the  cylinders  also  remains 
the  same. 

In  Fig.  219  (b)  it  is  seen  that  the  high  and  low  cylinder  volumes 
(Vii  and  Vl)  are  such  that  the  expansion  lines  cd  and  CD  in 
the  two  cylinders  are  complete  and  continuous.  If  the  cylinder 
volumes  are  related  thus,  and  if  the  cut-offs  are  advanced  pro- 
portionately (so  that  c'<f'and  C'D'  in  Fig.  219  (b)  are  on  the  same 
hyperbola),  the  distribution  of  work  can  be  shown  to  be  in  the 
same  proportion  as  in  the  case  of  complete  expansion  just  dis- 
cussed; and  further  (from  this),  that  (3)  the  toe  areas  (A"//  and 
Xl)  lost  will  be  in  this  same  proportion.  These  same  state- 
ments are  also  true  in  case  the  cut-offs  are  decreased  propor- 
tionately as  in  Fig.  220.  In  this  figure,  however,  it  is  seen  that 
the  diagrams  have  *'  loops  **  Xh  and  -Yl,  which  represent  nega- 
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Fig.  220. 


tive  work.    Evidently  the  cut-off  should  not  be  eariier  than  c, 
if  good  economy  is  important. 

With  such  arrangement  the  automatic  governor  can  be  made 
to  change  the  cut-off  equally  in  the  two  cylinders  and  the  propa 

balance  of  work  will  be  always  auto- 
matically maintained.  The  tandem  com- 
pound engine  in  Fig.  107  is  an  example 
of  this  case. 

If  the  L.P.  toe  loss  is  greater  than  the 
similar  H.P.  loss,  it  can  be  shown  that 
to  maintain  the  same  relative  balance  of 
power  between  the  cylinders,  the  L.P. 
cut-off  must  vary  more  rapidly  than  the 
H.P.  cut-off;  thus  as  the  power  is  in- 
creased the  receiver  pressure  must  be  raised. 

(e)  If  the  cut-offs  (or  expansion  ratios)  in  the  two  cylinders 
remain  constant,  the  power  of  the  engine  may  be  decreased 
by  throttling  the  steam,  and  in  this  case  the  distribution  of 
power  between  the  cylinders  remains  in  substantially  the 
same  proportion.  That  this  is  true  may  be  seen  from  inspec- . 
tion  of  Eq.  (294),  in  which  pR  is  seen  to  be  practically  propor- 
tional to  pi  (since  all  other  quantities  are  constants  in  this 
case,  except  the  ratio  pi/pu  which  is  so  small  a  quantity  that 
its  change  is  negligible).  This  shows  that  the  effect  of  throt- 
tling is  substantially  equivalent  to  changing  the  pressure  scale 
of  the  diagram. 

(f)  Because  of  the  effect  of  clearance,  **  wire  drawing,'*  cyl- 
inder condensation,  etc.,  the  real 
diagrams  differ  greatly  from  the 
theoretical  ones,  hence  the  conclu- 
sions just  given  can  be  used  only 
in  a  very  general  sense  in  actual 
cases. 

173.  Theoretical  PV-Diagrams 
of  a  Tandem  Compound  Engine 
with  Receiver  of  Finite  Volume, 
and  having  Clearance,  (a)  Fig. 
221  sIk^ws  the  PV-diagrams  for  a  tandem  compound  engine 
which  has  clearance  volume  and  finite  receiver  volume.     The 
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bscissas  of  both  the  H.P.  and  L.P.  diagrams  are  the  strokes 
same  for  both  cylinders).  OY  is  the  line  of  absolute  zero  for 
rolunies  in  the  low-pressure  cylinder,  and  oy  is  the  similar  line 
for  the   high- pressure  cyhnder.     In   the  latter  cylinder  abc  is 

le  admission  hne,  cd  is  the  expansion  line  (with  respect  to  axes 
•y  and  oO).  dd\  is  the  drop  in  pressure  when  the  H.P.  steam 
is  released  to  the  receiver,  rfici  is  the  period  when  the  high-pres- 
sure cylinder  is  exhausting  into  the  receiver  alone,  and  f|ff  is 
the  period  during  which  the  high-pressure  cylinder  is  exhausting 

ito  both  the  receiver  and  the  low-pressure  cylinder;  fg  shows 

le  period  when  the  high-pressure  cylinder  is  exhausting  into 
the  receiver,  after  cut-off  has  taken  place  (at  C)  in  the  low-pressure 
cj'linder;  and  ga  is  the  compression  into  the  H.P.  clearance 
space  (and  is  therefore  asymptotic  to  oy).  Evidently  if  O'V  is 
drawn  to  the  right  of  oy  at  a  distance  (Kr)  equal  to  the  receiver 
volume  (measured  to  the  same  scale  that  is  used  for  the  H.P. 
volumes), /g  will  be  a  hyperbola  with  axes  O'Y'  and  O'O.  Dur- 
ing the  period  tf  of  the  H.P.  exhaust  the  low-pressure  cylinder 
receiving  steam  along  the  coincident  line  BC.  After  L.P. 
cut-off  at  C,  the  steam  in  the  low-pressure  cylinder  expands 
According  to  CD,  is  exhausted  along  DEF,  compressed  along 
FA,  and  admitted  along  ABC  from  the  high-pressure  cylinder 
and  from  the  receiver.  Evidently  CD  and  FA  are  hyperbolas 
with  respect  to  axes  Oo  and  0  Y. 

(b)  These  diagrams  can  also  be  constructed  by  the  method 
given  in  the  next  section. 

174.  Theoretical  PV-Diagrams  of  a  Cross  Compound  Engine 

Receiver  of  Finite  Volume,  and  having  Clearance,     (a)  In 

'ig.  232  (a)  the  H.P.  and  L.l".  diagrams  of  opposite  strokes  are 

■n  with  true  volumes  as  abscissas,  and  with  the  clearance 

ftnd  receiver  volumes  in  proper  proportion  and  relation  lor  a 

nngle-acting  cross  compound  engine  with  L.P.  cut-off  less  than 

one-half  stroke.     It  will  be  seen  that  the  arrangement  of  dia- 

i  similar  to  thar  in  Fig.  212  {<£),  but  with  cJearance  and 

receiver  volumes  added. 

If  the  points  in  the  stroke  at  which  the  valve  events  occur  are 

lown,  the  lines  ahcd  and  EFA  are  easily  drawn,  but  the  points 

the  H.P.  exhaust  line  and  L.P.  admission  line  are  harder  to 

id-     The  method  of  determining  these  will  now  be  considered. 
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(b)  It  will  be  convenient  to  have  an  auxiliary  diagram,  sudi 
as  Fig.  222  (b),  called  a  steam-disfarlbation  chut,  which  will 


show  for  each  crank  angle  (ordinate)  the  volumes  (abscissas)  of 
Ktcani  in  Ixith  the  cylinders  and  in  the  receiver.  If  the  motion 
of  (he  piston  is  harmonic  (as  it  is  approximately),  the  curves  of 
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ilumes  displaced  by  the  pistons  are  of  course  sinusoids,  and 
be  easily  constructed  in  the  manner  shown  in  the  lower 

t   of   the  figure,     In   the  case   under  consideration,   as   the 
snks  are  at  right  angles  these  sinusoids  must  differ  in  phase  by 
The  clearance  lines  (oy'  and  OV)  are  added  to  the  chart; 
Us  the  distance  from  a  point  on  a  sinusoid  to  the  clearance 

■  gives  the  volume  of  steam  in   the  cylinder  for  the  corre- 
londing  crank  angle. 
TTie  percentages  of  stroke  for  all  "  valve  events  "  arc  sup- 
ised  to  be  known,  thus  the  abscissas  of  all  events  can  l>e  laid 

on  the  PV'-diagrams  in  Fig.  222  (a).     Lines  abed  and  EFA 

I  be  drawn  at  once,  and  efgha  and  BBiC  can  be  drawn  ten- 
tively  to  show  roughly  the  general  shape  of  the  diagrams, 
iie  exact  lines  will  be  found  later.  Then  on  the  sinusoids,  in 
g.  222  (b),  the  points  for  the  valve  events  can  be  found  by 
ejecting  downward  from  the  PV-diagrams,  or  may  be  located 
e  accurately  by  using  the  crank  angles  corresponding  to  the 
live  eN-ents.  The  points  thus  found  are  lettered  the  same  as 
e  corresponding  points  on  the  PV-diagrams.  but  are  primed. 
(c)   From  A'  to  e'  in  Fig.  222  (b)  is  H.P.  admission,  and  from 

to  d'  is  H.P.  expansion,  with  volumes  varying  according  to 
;  heavy  abscissas  to  the  right  of  the  sinusoid  between  these 
lints.  The  product  PV  is  constant  during  this  expansion 
nd  its  value  can  be  found  since  P,  and  Ve  are  known),  hence 
'  PV-qtiantity  "  (PTO..  may  be  taken  as  representing  the 
iole  process  of  expansion.  Evidently  the  following  broad 
Btcment  can  be  made: 

General  Proposition  A:  Between  valve  events  (not  neces- 
rily  in  the  same  cylinders)  controlling  the  iveiglil  of  steam 
wived,  the  "  PV-quantity"  is  constant;  and  when  its  value  is 
own  the  expansion  cur\*e  can  be  constructed.  Thus,  in  this 
Btance.  dividing  the  PV-quantily  (PV)c  by  different  values 
'  V  gives  the  pressures  to  be  used  in  plotting  the  expansion 

-vcs  ed. 

<d)  At  d  (and  d')  the  steam  with  PV-quantity  equal  to  {PV},. 
released  from  the  high-pressure  cylinder  and  mixes  with  the 
iver  steam  which  has  a  PV-value  equal  to  mn{PV),.  in 
iich  m  and  k  are  unknown  coeflicients,  the  value  of  which  will 
(determined  later.     In  such  cases  the  following  assumption  is 
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General  Proposition  B:  The    PV-quaniity  resulting  from  a 

mixture  is 

[P7].  =  2  {PV).  ......     (307) 

Thus,  after  point  e  is  passed 

[PV].  =  {PV)c  +  mn  [P7]„       .     .     .     (308) 

from  which  [PV]«  can  be  found  when  mn  [PV\g  has  been  deter- 
mined, since  {PV)c  is  already  known. 

(e)  The  L.P.  compression  occurs  from  F  to  ^4  (and  F*  to  A') 
with  PV-quantity  constant  and  equal  to  {PV)p,  —  the  value  of 
which  can  be  easily  found,  since  Pp  and  Vp,  are  given,  —  and 
with  volumes  varying  as  shown  by  the  heavy  dotted  abscissas 
to  the  left  of  sinusoidal  arc  F'A^  At  A  (and  at  A'  and  f) 
this  L.P.  cushion  steam  mixes  with  that  in  the  receiver  and  high- 
pressure  cylinder;  hence  the  PV-value  of  the  mixture  is,  from 
Proposition  B, 

[PV\,  ^  [PV].  ■\- iPV)F (309) 

Thus  during  phase  gh  and  BBi  the  pressures  may  be  found  by 
dividing  [PV]g  by  the  volumes  which  are  shown  by  the  dotted 
abscissas  between  arcs  g'A'  and  A'B\  . 

(f)  After  the  H.P.  exhaust  valve  has  closed  at  A  there  remain 
in  the  receiver  and  low-pressure  cylinder  n  parts  of  the  steam  that 
has  been  represented  by  [PFJg,  and  the  rest,  (i  —  n)  parts,  is 
used  for  compression  in  the  high-pressure  cylinder.  Between  B\ 
and  C  (and  B\  and  C)  the  PV-quantity  of  the  steam  in  the 
low-pressure  cylinder  and  receiver  is  n  \PV\g  in  accordance  with 
the  following  assumption : 

General  Proposition  C:  If  a  weight  of  steam,  having  a  cer- 
tain PV-quantity,  is  divided  without  change  in  pressure,  the  PV- 
quantity  of  the  part  is  the  same  fraction  of  the  original  PV-quantity 
that  its  weight  is  of  the  original  weight.  For  example,  if  one-half 
the  steam  involved  is  left  in  the  cylinder  and  receiver,  when  the 
H.P.  exhaust  closure  occurs  at  h  or  Bi  (A'  or  Bi),  then  n  =  i,  and 
the  PV-quantity  of  this  remaining  steam  has  the  value  }  [-Pl^]^. 
Thus,  between  points  Bi  and  C  the  PV-value  is  n  [PV]g  and  the 
volumes  are  shown  by  the  abscissas  to  the  left  of  the  sinusoidal 
arc  between  points  Bi  and  C'. 

After  the  L.P.  valve  has  cut  off  at  C  (and  C)  there  are  left 
in  the  receiver  m  parts  of  the  steam  which  was  represented  by 
n  [PF]^;  hence,  this  receiver  steam  has  a  PV-value  of  mn  [PV]^ 
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tich   continues  constant  until   point  a  in  the  next  cycle  is 
ichcd. 

Ig)  In  the  simultaneous  equations  (308)  and  (309)  all  quan- 
tities are  either  known  or  can  be  determinable  directly,  except 
Ehe  bracketed  quantities  [PV]^  and  [Pt-'),,;  but  these  latter  can  be 
lund  by  elimination.     When  these  are  known,  the  PV-diagrams 
n  easily  be  completed. 

(h)  If  the  engine  is  double-acting,  and  if  it  has  equal  PV-dia- 
lams  at  both  ends  of  the  cylinders,  the  solution  of  only  one  end  is 
But  if  the  diagrams  are  not  equal,  it  is  necessary  to 
aw  the  steam-distribution  chart  for  both  ends  of  the  cylinders. 
pen  there  will  be  four  unknown  PV-quantities,  but  there  will 
!  the  following  four  simultaneous  equations,  from  which  the 
5  can  be  determined: 

lPV].-(Pr),  +m'n'[PV\',  .  .  .  (310) 
[PV],.[PV].  +{PV),  ....  (311) 
lPVr.-(PV)'.  +  '»«[PV],      .     .     .     (312) 

[pv]'.-[prr.  +  i.pfy,  ....  (313) 

I  which  the  primed  quantities  are  those  for  the  cylinder  ends 
t  considered  in  the  previous  discussion. 


Effect  of  Early  Rclea5e. 


I  (i)  In  the  foregoing  it  has  been  assumed  that  release  and 
dmiscuon  occur  at  the  ends  of  the  stroke.  If  the  engine  is 
tffu^/e-actiag  and  if  the  steam  is  released  before  the  end  of  the 
roke  in  the  high-pressure  cylinder,  the  L.P.  admission  tine  will 
klenly  rise,  in  case  (he  L.P.  cut-off  has  not  already  occurred; 
r  this  release  suddenly  increases  the  steam  pressure  in  the  re- 
r  from  which  steam  is  still  being  supplied  to  one  end  of  the 
i'-pressure  cj-linder.     This  is  shown  in  Fig.  223,  from  which  it 
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is  seen  that,  when  the  steam  is  released  at  du  there  is  a  drop  of 
pressure  in  the  high-pressure  cylinder  accompanied  by  a  atmul- 
taneous  rise  at  X  in  the  low-pressure  cylinder,  until  the  pres- 
sures at  X'  and  d\  are  equal.  This  case  can  be  analjrzed  by 
the  method  already  given. 

(j)  The  case  with  cut-off  later  than  half-stroke  is  somewhat 
similar  to  that  discussed  in  (i)  of  this  section  and  is  illustrated 
in  Fig.  224.  Even  if  the  H.P.  release  occurs  at  the  end  of  the 
stroke  (at  di),  there  will  be  the  sudden  rise  XX^  on  the  L.P. 
admission  line,  as  the  low-pressure  cylinder  has  not  previously 


Fig.  224.  —  Low-pressure  Cut-oflf  later  than  Half-stroke. 


been  cut  off  from  the  receiver.  From  X'  to  cut-off  at  C  the  low- 
pressure  cylinder  continues  to  receive  steam  from  the  receiver, 
while  simultaneously  the  high-pressure  cylinder  is  discharging 
steam  into  the  receiver  according  to  line  CiCi,  Evidently  the 
pressures  at  points  ei  and  X'  are  equal;  and  the  same  is  true  of 
points  e/  and  C.  This  case  can  be  analyzed  with  the  aid  of  a 
steam-distribution  chart,  in  the  same  manner  as  that  which  has 
just  been  discussed  in  connection  with  the  other  cases. 

175.  Theoretical  PV-Diagrams  of  Multiple-Expansion  En- 
gines with  Finite  Receiver  and  Clearance  Volumes,  with  Any 
Number  of  Cylinders  and  with  Any  Angles  between  Cranks 
(General  Case).  The  methods  just  discussed  in  connection  with 
the  construction  of  PV-diagrams  for  compound  engines  can  be 
extended  to  this  perfectly  general  case.  It  is  assumed  that  the 
initial  and  exhaust  pressures  are  known,  together  with  the  vol- 
ume ratios  of  cylinders,  receivers,  and  clearances,  and  that  the 
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ercentages  of  stroke  (or  crank  angles)  of   the  various  valve 
ivents  are  given.     The  procedure  is  as  follows: 

( I J  Draw  the  cylinder,  clearance,  and  receiver  volumes  in  proper 

^tive  positions  on  the  PV'-diagrams. 

(2)  Sketch  as  much  of  the  H.P.  and   L.P.   PV-diagrams  as 
I  be  done  initially. 

(3)  Draw  the  sinusoids  on  the  steam-distribution  chart  in  a 
proper  phase  relation  (considering  the  crank  angles  and  "  se- 
quence" of  cranks);  locate  the  valve  events;  and  by  a  system 
ttf  section  lining  show  the  volumes  connected  between  events 
(remembering  that   these  volumes  are  not  necessarily  confined 

I  thoise  in  one  cylinder). 

'(4)  On  the  distribution  chart;—  (a)  give  the  PV-quantlties 
initially  known,  such  as  {PV)c  and  {PV)f  in  the  previous  cases; 
(6)  in  accordance  with  General  Proposition  C  state  the  PV- 
quantittes  resulting  from  a  separation  of  volumes  (when  not 
accompanied  by  change  in  pressure)  as  fractional  parts  of  the 
«|uantity  which  is  divided,  as  mn  (Pl'^a:  and  (c)  in  accordance 
tfith  General  Proposiiion  B,  write  equations  (or  the  PV-quan- 
titjcs  resulting  from  mixtures. 

(5)  Obtain  the  values  of  the  fractional  coefficients,  m,  n,  etc. 

(6)  Find  the  unknown  PV-quantities  by  solving  the  simul- 
taneous equations,  of  which  there  should  be  the  same  number  as 
iherc  are  unknowns. 

(7)  Complete  the  construction  of  the  PV-diagram,  which  can 
?  done  now  that  the  PV-quaniitics  are  all  known. 

The  heavy  lines  in  Fig.  225 
the  PV-diagrams  for  a 
ripJe-expansion  engine.  TTie  in- 
i\-idual  diagrams  were  first  ob- 
lained  in  the  manner  just  outlined 
then  were  combined  with 
sped  to  a  common  axis  of 
3iume.s  as  shown  in  Ihis  figure. 


176.  The  Actual  Combined  In- 
Itcator  Diagrams  of  Multiple- 
Expansion  Engines,  lai  In  I'ig. 
:  i.-i  -^-en  that  the  theoretical 
pV-diagrams    (in    heavy    lines)    o\ 
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lines  do  not  fall  on  the  same  hyperbola,  and  that  the  suit 
of  their  areas  is  much  less  than  that  of  the  simple  diagra-S^ 
abcde.  The  overlapping  parts  of  the  diagrams  do  not  occur 
simultaneously.  The  lack  of  continuity  of  the  expansion  lin«s 
is  largely  due  to  the  difference  in  the  amounts  of  cushion  ste3.ni 
in  the  various  cylinders;  it  is  also,due  to  the  sloping  and  irre^U' 
larity  of  the  I. P.  and  L.P.  admission  lines,  and  to  earliness  o^ 
the  I.P.  and  L.P.  cut-offs  compared  with  that  in  the  hi^Vi- 
pressure  cylinder.  The  ratio  of  the  sum  of  areas  H,  I,  and  ^ 
to  area  abcde  is  the  theoretical  diagram  factor  in  this  case,  a^'*'" 
it  is  evidently  much  less  than  unity. 

fb)  The  actual  indicator  diagrams  depart  considerably  frc::^^ 
the  theoretical.  This  is  partly  because  of  wire  drawing  dum^— "8 
flow  of  steam  through  valves,  receivers,  and  piping,  partly  I 
cause  of  condensation  or  reevaporation  in  cylinders,  reoeivi 
and  piping,  partly  from  radiation  and  similar  losses,  partly  t 
cause  the  real  expansion  line  is  not  hyperbolic,  and  may  also  C 
partly  due  to  the  withdrawal  of  the  condensate  collecting 
"  separating  "  receivers,  in  Fig.  225  the  probable  dtagranw  a — 
shown  dotted. 

(c)  Given  the  actual  indicator  cards  obtained  from  the  e«^ 


gine,  as  h  and  /  in  Fig.  226,  they  can  be  readily  "  combined," 
as  shown  by  H  and  L,  if  the  cylinder  and  clearance  volumes  an 
known. 


CONVENTIONAL   INDICATOR   DIAGRAM  351 

The  areas  of  diagrams  //  and  L  can  then  be  found  and  the  J 
"  referred  ni.e.p."  determined  in  the  usual  manner.  I 

After  this,  the  actual  diagram  factor  can  be  obtained  by  J 
getting  the  ratio  of  these  quantities  to  the  area  of  the  conven- 1 
tional  diagram.*  I 

(d)  On  Fig.  226  the  saturation  curves,  SS  and  S'S",  havel 
been  drawn.  As  the  weights  of  cushion  steam  in  the  two  cyl-  1 
inders  are  not  the  same,  and  because  the  condensate  has  been  ] 
remoN-ed  from  the  receiver  in  this  case,  there  are  unequal  weights  J 
of  steam  in  the  two  cyhnders  during  the  respective  expansions,  I 
consequently  saturation  line  S'S'  lies  to  the  left  of  SS.  I 

fig.  226  also  shows  the  quality  curves  xt,  and  xi,  which  are  -I 
obtained,  after  the  saturation  lines  have  been  drawn,  by  the  same  1 
method  that  was  described  for  simple  engines. 

176A.  Clayton's  Analysis  of  Expansion  Lines,  (a)  By  re- 
plotting  indicator  cards  on  logarithmic  codrdinates  Claytonf 
has  determined  the  expansion  coefficients  n  for  many  engines. 
He  found  that  such  expansion  lines  were  substantially  straight 
(except  when  modified  by  leakage  or  faulty  indicator  practice 
which,  if  present,  were  revealed  by  the  curvature);  that  the 
points  of  cut-ofif  and  other  valve  events  could  be  accurately 
determined;  and  that,  as  in  the  ideal  case  (see  (d),  page  207), 
there  appeared  to  be  a  definite  relation  between  the  quality  (x^)  ] 
at  cut-off  and  the  exponent  of  expansion  (n)  for  each  type  of  ] 
engine  and  condition  of  operation. 

For  a  Corliss  non -condensing  engine,  without  leakage,  he  found  1 

a:,  =  1.245  n -0.576 (313a)  I 

There  was  some  variation  with  change  of  speed  and  pressure;  but  | 
cylinder  size  and  point  of  cut-olT  had  little  influence.  Having  ] 
determined  n  for  the  engine  x^  can  be  computed,  after  which  the  | 
water  rate  can  be  found. 

With  the  logarithmic  coordinates  the  clearance  volume  can  | 
be  determined  quite  closely,  when  there  are  no  abnormal  dis- 
turbances, by  finding  the  origin  which  will  give  a  straight  line. 

*  Then  arc  several  djtierent  kinds  ol  diagram  factor:,  cadi  of  which  may  he  | 
used  lo  besl  advantage  for  some  particulat  purpose.  When  the  engine  is  consid- 
ered by  itidf.  the  definition  previously  used  in  the  text  is  the  one  mosl  commonly 
given.  The  .K.  S.  M.  E.  Report  of  Commillee  on  Standardizing  Engine  Tests 
defines  the  card  factor  in  such  maimer  as  to  include  the  cylinder-feed  losses  be- 
tween engine  anil  boiler.    See  Trans.  A.  S.  M.  E.,  Vol.  XXIV,  page  751. 

tTrans.  A.  S.  M.  E.  34,  p.  17.     Bulletin  58  and  65,  U.  of  111.   Exp.  Sta. 


CHAPTER  XXL 

FBRFORMAHCB  OP  STBJJf  BNGINES. 

177.  Steam  Consunijption.  (a)  Steam  engines  are  governed 
by  (i)  throttling  the  steam,  (2)  by  varying  the  cut-off,  and 
(3)  by  combining  (i)  and  (2). 

Wlien  the  engine  is  governed  by  throttling  (the  cut-off  re- 
maining constant),  the  available  energy  AE  per  pound  of  steam 
theoretically  decreases  as  the  pressure  is  reduced.  This  is  shown 
in  the  Mollier  diagram,  Fig.  227.    Starting  with  initial  pressure 

pi,  the  associated  heat  AQi,  mid  bad 

{\^  MOLUER  CHART  prcssurc  ph,  the  available  energy  is 

^i^^^rv^  AEi.    In  throttling  to  pressure  ^  the 

^^"^^  "'^\^^^  associated  heat  remains  unchanged, 

>N^;^----AEj        ^^^"^^     but  the  available  energy  per  pound 

^'q        is  reduced  to  AJEj,  and  consequently 

Fig.  227.  more  steam,  in  the  ratio  (T-Erji  must 

be  used  to  develop  one  i.h.p.-hour.  Evidently  the  actual  throt- 
tling engine  gives  the  best  economy  only  under  maximum  load, 
hence  the  water-rate  cur\'e  will  resemble  cd  in  Fig.  228. 

It  is  found  that  with  this  type  of  governing,  the  curve  of 
total  consumption  (ab)  is  practically  a  straight  line,  and  this 
relation  is  commonly  called  Willans'  Law.  When  two  points 
on  this  line,  or  one  point  and  the  slope,  are  given,  the  line  can 
at  once  be  drawn.  Then  dividing  ordinates  by  corresponding 
abscissas  gives  the  simultaneous  values  of  the  water  rate,  and 
these  values  can  be  used  for  plotting  the  water  curve. 

With  greater  ratio  of  expansion,  less  steam  is  used  for  a  given 
output,  hence  for  such  cases  the  curves  a'6'  and  c^d'  in  Fig.  228 
would  lie  below  the  others. 

(b)  When  the  engine  is  governed  by  varying  the  cut-off,  the 
water-rate  curve  resembles  efg  in  Fig.  229,  the  reasons  for.whidi 
were  made  clear  in  Section  125.    To  this  figure  has  been  added 

3Sa 


the  cur\'e  ed  o(  Fig.  228.  the  point  d  of  course  coinciding  with  g. 

Thus  it  is  seen  that  cut-off  governing  gives  better  results  than 

throttle  governing  except  at  the  maximum  load. 

The  product  of  abscissas  by  ordinates  gives  the  total  steam 
consumption,  plotting  which  gives  the  curved  line  hij  as  the 
Curx'e  of  Total  Water  Consumption  for  cut-off  governing.  Evi- 
dently point  i,  where  a  line  drawn  from  0  becomes  tangent  to 
hij,  determines  the  abscissa  for  the  lowest  water  rate,  for  that 
point  has  the  smallest  ratio  of  ordinate  to  abscissa. 

(c)  The  y  intercept  Oy  of  the  T.C.  curve  represents  the  weight 
of  steam  used  when  no  i.h.p.  is  being  developed.  It  is  the  weight 
which  furnishes  heat  equivalent  to  the  losses  from  condensation, 
leakage,  and  radiation. 

Curves  similar  to  Figs,  228  and  229  might  have  B.t.u,  as  ordi- 
nates; and  m.e.p's,  cut-offs,  ratios  of  expansion,  ord.h.p'smay  be 
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Used  as  abscissas.  When  abscissas  are  d.h.p,,  then  the  y  inter- 
cept represents  the  consumption  due  to  engine  friction  in  addi- 
tion to  the  other  losses  mentioned  in  the  preceding  paragraph. 

(d)  If,  in  Fig.  229,  00'  is  the  i.h.p.  used  in  overcoming  the 
engine  friction,  then  O'Y'  is  the  axis  from  which  the  d.h.p.  are 
measured.  If  the  engine  friction  is  assumed  constant  for  all 
loads  (which  is  not  strictly  true),  the  cur\-e  TC  in  the  figure, 
with  origin  at  O',  gives  the  total  consumption  for  the  d.h.p.  de- 
veloped. The  curve  e'/'g'  of  water  rate  per  d.h.p.-hour  will  of 
course  lie  above  ejg.  and  the  lowest  point  /'  will  He  farther  from 
O  than  /.  Evidently,  on  the  basis  of  delivered  power,  the  best 
economy  in  this  case  occurs  when  the  i.h.p,  equals  Ok'  fcorre- 
6ponding  to  a  d.h.p.  of  0'A')p  ^'^f'  this  should  be  the  power  which 
the  engine  normally  develops  ("  Normal  Power  ")  if  steam  econ- 
omy is  of  prime  importance.     This  should  then  be  the  "  rated 
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power,"  or  power  at  which  the  engine  is  rated  to  operate  nor- 
mally. When  the  i.h.p.  developed  is  either  more  or  less  than 
this,  the  engine  has  poorer  economy.  * 

(e)  The  load  factor  is  the  ratio  of  the  actual  load  to  the 
rated  load.  There  are  instantaneous  load  factors*  and  average 
load  factors.  For  best  steam  economy  the  load  factor  should  be 
unity;  and,  since  it  is  better  to  overload  than  to  underload  a 
steam  engine  (see  Fig.  229),  a  load  factc^r  a  certain  amount  above 
unity  is  preferable  to  one  the  same  amount  bdow.  There  are, 
however,  other  considerations  which  may  make  it  financially  more 
profitable  to  rate  the  engine  at  output  other  than  that  giving 
best  steam  economy,  and  to  operate  with  some  load  factor  other 
than  unity. 

In  many  instances,  the  average  load  factor  of  the  power  plant 
as  a  whole  is  low,  but  in  such  cases  it  is  customary,  when  pos- 
sible, to  have  several  engines  and  to  place  in  operation  such  a 
number  as  will  cause  those  in  service  to  operate  under  the  most 
economical  conditions;  that  is,  the  load  factors  of  the  individual 
engines  are  maintained  near  unity. 

The  instantaneous  load  factor  may  vary  widely,  as  in  a  street- 
railroad  power  plant,  and  the  fluctuations  may  be  of  such  rapid 
character  as  to  prohibit  changing  the  number  of  engines.  In 
such  a  case  a  small  average  load  factor  may  be  unavoidable. 

(f)  Curves  of  steam  consumption  for  an  engine  are  useful  in 
determining  the  best  conditions  of  operation  for  that  particular 
engine  and  for  comparing  it  with  others  that  operate  under 
similar  conditions.  When  the  conditions  are  widely  different 
the  water  rates  should  not  be  compared  directly. 

To  reduce  water  rates  to  a  comparable  basis,  when  the  differ- 
ence in  conditions  of  operation  is  not  great,  the  following  cor- 
rections may  be  made:* 

0.4  to  0.6  per  cent  per  i  inch  change  in  vacuum  (between  25 
and  28  inches). 

I  per  cent  per  8  to  11  degrees  of  superheat  (at  from  50  to 
100  degrees). 

0.1  to  0.2  per  cent  per  pound  of  initial  pressure. 

I  per  cent  per  i  per  cent  of  moisture. 

The  only  true  comparison  is  on  the  basis  of  B.t.u.  per  h.p. 
per  unit  of  time  (minute)  or  on  the  basis  of  thermal  efficiency 

*  Moyer*s  Steam  Turbines,  page  288:  —  Wiley  &  Sons. 
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-on  the  d.h.p.  The  engine  having  the  lowest  watn*  rate  and  the 
highest  cylinder  efficiency  does  not  always  use  the  least  heat  per 
unit  of  power,  nor  have  the  highest  thermal  efficiency. 

178.  Steam-Engine  I^iformance :  Data.  —  (a)  The  perfor- 
mance of  engines  is  dependent  on  many  things,  of  which  the 
more  important  ones  are:  (l)  initial  pressure,  (3)  back  pres- 
sure (condensing,  noncondensing) ,  (3)  cut-off,  or  expandon  ratio, 
(4)  number  of  expansion  cylinders,  (5)  quality,  or  superheat, 
(6)  use  of  jackets,  (7)  use  of  reheating  receivers,  (8)  speed,  and 
(9)  the  proportions,  size,  and  arrangement  of  cylinders,  clear- 
ance spaces,  and  passages.  These  items  must  be  considered  in 
comparing  e 


at.u.peTl.H.P.|>erM 

Fig.  J30. 

Table  VII  is  a  brief  summary  of  Gebhardt's  more  extensive 

tables,*  with  a  few  additions  and  omissions.     It  will  serve  as  a 

*  See  Gebhardt's  "Steam  Power  Plant  Engineering,"  pages  396,  306,  sod  314. 

Wiley  &  Son,  publishers. 

.'Mso  Heck's  "Tte  Steam  Eogine,"  Vol.  II,  pages  600-651. 
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rough  comparison  of  some  of  the  best  performances  that  liavc 
been  obtained  with  the  principal  types  of  engines.  The  condens- 
ing, multiple-expansion  engines  arc  in  most  cases  steam- jacketed 
unless  the  steam  b  superheated. 

Although  the  tabulation  as  here  given  does  not  bring  out  this 
point,  it  should  be  remembered  that  while  the  lowest  B.t.u. 
per  i.h.p.-min.  corres[K>nds  to  the  highest  thermal  efficiency,  it 
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Fig.  131. 

does  not  follow  that  it  is  accompanied  by  low  water  rate  and 
high  cylinder  efficiency. 

(b)  Figs.  230  and  231  show  respectively  the  variations  of 
B.t.u.  per  i.h.p.-min.  and  the  thermal  efficiency  on  the  i.h.p., 
with  initial  and  exhaust  pressure,  with  superheat,  with  type  of 
engine,  etc.  Reference  to  these  figures  shows  that,  as  compared 
with  the  Clausitis  cycle  with  28-inch  vacuum,  the  losses  of 
various  types  of  real  engines  are  about  as  follows  in  the  best 
condensing  practice: 
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Quadruple 20% 

Triple 25% 

Compound 33% 

Simple 50% 

(c)  Table  VIII  gives  a  brief  summary  of  steam-engine  effiden- 
cies,  including  some  of  the  best.  Table  IX  gives  the  pounds  of 
steam  consumed  per  i.h.p.-hour  by  ordinary  engines  which  op- 
erate under  the  usual  commercial  conditions  and  in  which  no 
special  provision  is  made  for  improving  economy — such  as  super- 
heating, jacketing,  etc.  Larger  engines,  of  course,  give  better 
results  than  smaller  ones. 

TABLE  Vni.  — SUMMARY  OF  EFHaENaES  OF  STEAM  ENGINES. 

Camot  cycle  efficiency  * 10  to  32% 

Clauaus  cycle  efficiency  * 8  to  28% 

Indicated  efficiency 40  to  88. 2% 

Thermal  effidency  on  i.h.p 5  to  25 .05% 

Mechanical  efficiency. 85  to  97% 

Thennal  efficiency  on  d.h.p 4  to  23 .9% 

Over-all  effidency 35  to  84% 

Heat  used  per  i.h.p.-min 169.3  ^  700  B.t.u. 

TABLE  IX.  — STEAM   CONSUMPTION. 
Type  of  Engine.  Lbs.  iJi4>.-Jioiir 

Simple  "  high-speed  "  engines  (noncondensing) 28  to  36 

Simple  Corliss  engines  (noncondensing) 25  to  28 

Compound  slide-valve  engine  (noncondensing) 24  to  26 

Compound  slide-valve  engine  (condensing) 15  to  21 

Compound  Corliss  engine  (condensing) 14  to  16 

Triple-expansion  (condensing) 12}  to  13 

*  Obtained  from  Figs.  73  and  75  respectively  with  the  following  assumptions: 
The  lower  limit  of  ^i  is  assumed  at  50  pounds  pressure  and  h  —  212*  F.  ITie 
upper  limit  of  pi  is  assumed  at  150  pounds  pressure  and  h  ""  loo**  F. 


CHAPTER   XXII. 

STEAU   TUSBINES. 

179.  Introductoij.  (a)  The  earliest  steam-driven  prime  mover 
»rded  in  history  is  Hero's  steam  turbine  (about  200  B.C.},  which 
»  shown  in  Fig.  232.  It  was  a  "reaction  turbine,"  driven  by  the 
pulsive  force  produced  by  a  jet  of  steam  issuing  rearwards  as 
igards  the  direction  of  rotation.     Branca's  "impulse  turUne" 


Fig.  3$!.  Fig.  333. 

^629),  shown  in  principle  in  Fig.  233.  is  the  next  historical  refer- 

io<:e  to  the  use  of  steam  in  a  turbine.     The  first   patents  in 

breign  countries  appeared  about  1820  and  the  primary  patent. 

I  the  United  States  was  issued  in  1831.     Although  many  steam 

urbines  were  invented  in  the  succeeding  years,  it  was  not  until 

Jie  latter  8o's  of  t]>e  last  century  that  the  modern  commercially 

uccessful  ty-pes  began  to  be  developed, 

(b)  A  steam  turbine  may  be  defined  as  a  device  in  which  one 

E  jets  of  the  working  substance  moving  at  high  velocity 

ind  therefore  possessing  kinetic  energy}  act  or  react  on  vanes 

r  buckets  on  one  or  more  wheels,  or  drums,  in  such  manner  as 

■  to  cause  them  to  rotate  and  transmit  power  by  means  of  the 

I  Shaft  on  which  they  are  mounted. 

The  shaft,  the  wheels  or  drums,  and  their  attachments  con- 

t'ktitule  the  "rotor."     The  working  substance  is  steam,  which 

vmay  have  moisture  entrained  in  it.     The  velocity  of  the  jet  is 

xiuired  by  the  expansion  of  the  steam  through  a  nozzle,  or  its 

Iqnivalent,  during  which   process  some  of  the  heat  energy  of 

i  steam  is  converted  into  the  kinetic  energy  of  the  issuing  jet. 
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In. '* impulse  turbines"  the  nozzles  are  stationary  and  the  jets 
act  on  the  turbine  vanes;  in  the  *■  reaction"  type,  the  nozzles, 
or  their  equivalents,  are  mounted  on  the  rotor,  whidi  is  driven 
by  the  reaction  of  the  jet.  In  some  turbines  the  rotors  are 
driven  by  both  impulse  and  reaction. 

(c)  The  velocity  diagrams  used  in  designing  the  buckets  of 
the  steam  turbine  are  similar  in  many  respects  to  those  used 
for  water  turbines.  But,  despite  this  resemblance,  the  problems 
of  design  and  construction  in  the  former  differ  greatly  from  those 
in  the  latter.  This  is  principally  because,  in  the  steam  turbine,' 
(i)  the  jet  velocities  are  enormously  greater  (in  some  cases  this 
velocity  exceeds  3600  feet  per  second,  or  41  miles  per  minute), 
(2)  the  bucket  velocities  are  \'ery  much  higher,  (3)  the  working 
substance  is  elastic  and  tends  to  expand  as  fully  as  the  surround- 
ing media  will  allow,  and  (4)  because  the  kinetic  enei^y  of  the 
jet  is  obtained  from  heat  conveyed  by  the  working  substance 
and  not  from  "hydraulic"  head. 

(d)  The  steam  turbine  differs  as  much  from  the  steam  engine 
as  to  its  mechanism  and  method  of  operation  as  does  the  water 
turbine.  Although  both  of  these  steam-actuated  (Kime  movers 
use  the  available  heat  of  the  steam,  the  turbine  utilizes  it  in 
increasing  the  velocity  (kinetic  energ>')  of  the  jet  of  working  sub- 
stance, whereas  this  heat  in  the  steam  engine  produces  certain 
pressure- volume  changes  within  a  cylinder. 

(e)  The  thermodynamic  problems  encountered  in  the  steam  tur- 
bine are  centered  in  the  nozzle^  where  (theoretically)  all  the  heat- 
energ>'  transformations  occur.  After  the  jet  has  issued  from  the 
nozzle  end  the  problem  becomes  a  dynamic  one,  namely,  to  con- 
vert the  jet's  kinetic  energy  into  power  which  can  be  delivered 
by  the  shaft. 

The  problem  of  nozzle  design  and  the  thermodynamic  theory 
involved  will  be  considered  in  detail  in  a  later  chapter.  For 
present  purposes  it  is  only  necessary  to  know  that  high  veloc- 
ity can  be  attained  at  the  expense  of  associated  heat  and  that 
this  transformation  occurs  entirely  within  the  nozzles  or  their 
equivalent. 

(f )  In  turbines,  there  is  a  certain  definite  ratio  of  bucket  velocity 
to  jet  velocity  that  will  theoretically  give  the  best  economy.  In 
practice,  however,  if  the  full  expansion  from  initial  to  final  pres- 

•re  takes  place  in  a  single  set  of  nozzles,  the  bucket  velocity  for 


STEAM    TURBJNES  361 

economy  is  usually  greater  than  the  structure  of  the  rotor 
win  stand,  because  of  the  enormous  centrifugal  force  produced. 
Also,  the  high  rotative  speed  involved  with  high  bucket  speeds 
usually  prohibits  the  direct  connection  of  the  driven  machinery 
to  the  turbine  shaft.  Hence,  if  the  expansion  occurs  in  a  single 
set  of  nozzles,  it  is  usually  necessary  to  use  lower  bucket  veloci- 
ties than  those  which  would  give  the  highest  economy,  and  also 
to  use  gearing  of  some  kind  between  the  turbine  and  the  machine 
it  drives. 

In   order   to  obtain   lower  jet   and   bucket   velocities,   most 
turbines  are  of  the  "multi-stage"  type.     Fig,  234  shows  dia- 

1  grammatically  an  impulse  turbine  of  this  type.     In  such  tur- 

!  bines  each  stage  by  itself  constitutes  a  simple  turbine,  in  the 
nozzle  of  which  the  steam  expands  through  a  small  range  and 
therefore  acquires  relatively  low  velocity.     The  stages  are  usu- 

I  ally  arranged  in  series  with  diaphragms  between  and  with  all 

I  rotors  mounted  on  the  same  shaft. 

In  Fig.  234,  the  sections  of  the  turbine  casing  and  the  dia- 

1  phragms  are  shown  by  crosshatching,  and  the  nozzle  and  tur- 
bine wheel  sections  are  black. 
Steam  enters  at  the  left,  ex- 
pands through  the  first  nozzle 
(or  ring  of  nozzles)  iV,.  in 
which  it  acquires  a  relatively 
low  velocity,  and  dischai^es 
against  the  buckets  on  the 
wheel  in  the  first-stage  casing, 
in  which  the  pressure  is  but 
little  lower  than  the  initial. 
The  steam  then  expands  through  the  nozzle  (or  ring  of  nozzles) 
Ift,  in  the  diaphragm  between  the  first  and  second  stages,  and 

I  acts  on  the  buckets  of  the  wheel  in  the  second  chamber,  where 
the  steam  pressure  Is  somewhat  lower  than  it  is  in  the  first  stage. 
In  similar  manner  the  process  is  continued  in  a  third  stage,  and 
in   many  instances  in   from   twenty  to  forty  stages,  until  the 

'  exhaust  pressure  is  reached  in  the  last  stage. 

The  noitzles  in  all  the  stages  must  all  deliver  the  same  weight 

1  of  working  substance  per  second.     They  may  be  designed  to  do 
i  with  equal  velocities,  in  which  case  the  bucket  velocities  in 
luld  l>e  the  same  and  the  mean  diameters  of  the 
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wheels  would  be  equal;  or  tbcjetvdocilies  may  be  aaned  and  the 
bucket  velocities  and  iriied  diameters  be  made  to  cofieapond. 

As  the  steam  traverses  the  turbine  it  expands  by  inoemei 
in  the  successive  nozdes,  and  increases  in  volame,  hence  the 
nozzle  areas  must  increase  in  like  manner  thnni^  the  aeriei, 
as  is  illustrated  in  Fig.  234. 

By  properly  propcMtioning  the  cross-sectional  areas  of  the 
inlet  and  outlet  nozzles  of  any  st^e,  the  designer  can  fix  at 
any  desired  value  the  pressure  that  will  be  maintain^  in  that 


180.  Thenno^iuunics  of  the  Ideal  Steam  TnrUne.  (a)  In 
all  types  of  steam  turbine  the  steam  is  e:q»nded  through  noz- 
zles,  or  their  equivalent,  and  the  velocity  of  the  working  asit- 
stance  itsdf  is  increased  by  the  conversion  of  some  of  its  own 
associated  beat  into  available  mechanical  energy,  iriiich  ai^ieais 
as  the  kinetic  (velocity)  ener^  of  the  issuing  jet.  As  the 
nozzles,  or  their  equivalent,  are  rdatively  small,  and  as  the 
velocity  of  the  steam  through  them  is  enormous,  there  is  little 

(opportunity  for  loss  of  heat,  as 
such,  to  the  surrounding  media, 
'  or  for  the  reception  of  heat,  as 
I  such;  hence,  the  conversion  of 
I   heat  energy  into  kinetic  energy 
must    in    practice     be     almost 
strictly  adiabatic,  and  it  will  be 
.  shown   in  a  later  chapt^  that 
,  the  expansion  may  be  considered 
[equivalent  to  an  isentropic  pro- 
ess  in  the  ideal  case. 

(b)  Assuming  that  the  steam 
is  initially  wet,  and  that  its  state 
is  represented  by  point  1  on  the 
T*-diagram  in  Fig.  235,  the  heat 
i^Qi)  supplied  per  pound  of 
steam  delivered  to  the  turbine  is 
represented  by  the  area  bounded 
by  the  bold  line.  Let  point  2  represent  the  state  of  the  working 
substance  after  isentropic  expansion  to  the  exhaust  pressure  and 
temperature.    Then  the  hatched  area  represents  the  heat  (AQO 


Fig  13s 


remaining  tn  the  steam 
theorelicaHy  available  for  the  turbine 
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the  end  of  the  process.     Thus  the  heat 


s  useful  work  is 


AE  = 


■3  dehver  a 
=  AQ,  -  AQ.. 

And  this  is  shown  by  the  stippled  area,  abl2,  which  is  seen  to  have 
the  same  boundary  lines  as  those  of  a  Clausius  cycle,  with  the 
same  conditions  of  expansion.  The  isentropic  process  from  1  to 
2  may  occur  in  one  nozzle,  converting  A£  into  kinetic  energy,  or 
it  may  occur  in  any  number  (n)  of  nozzles  in  series,  each  con- 
verting part  of  A£,  but  with  cumulative  effect  equal  to  that 
produced  by  AE  in  the  single  nozzle.  Thus,  regardless  of  the 
number  of  stages,  it  may  be  said  that  Ihe  heat  energy  available 
Jor  doing  work  in  the- steam  turbine  is  equivalent  to  the  AE  avail- 
able with  Ihe  Clausius  cycle  having  the  same  expansion  line  and 
«ame  weight  of  steam.  The  value  of  AE  per  pound  may  be 
computed  by  the  method  given  on  page  173;  or  it  can  be  ob- 
tained from  the  area  on  the  T^-diagram;  or  it  can  be  more 
conveniently  found  from  the  Mollier  chart   (Appendix). 

(c)  Having  determined  the  number  of  B.t.u.  represented  by 
A-£.  the  steam  consumption  per  h.p.-hour,  or  water  rate,  in  the 
ideal  turbine  is 


W, 


2545 

A£  ■ 


(314) 


if  the  turbine  drives  an  electric  generator  the  theoretical 
water  rate  per  kilowatt-hour  is 


W,k: 


.  J^ 2545, 

0.746    AE 


34" 
AE  " 


(315) 


(d)  The  actual  turbine  of  course  has  a  poorer  (larger)  water 
te  than  the  ideal.  If  Wt  is  the  actual  water  rate  per  h.p.- 
)ur  delivered  by  the  turbine  shaft,  and  Wm  is  that  per  kilo- 
att-hdur  delivered  by  the  generator,  then  the  over-all  efficiency 
of  the  turbiae  (alone)  is 

W, 


OEf,-. 


\r. 


(316) 


rid  the  over-all  efficiency  of  turbine  and  generator  i: 


The  OEfj  corresponds  to  the  OEf  of  the  steam  engine  (p.  190). 
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If  it  is  desired  to  estimate  the  probable  performaiice  of  a 
turbine,  and  the  OEf  is  known  for  similar  turbines  under  similar 
conditions  of  operation,  the  probable  water  rate  per  d.h.p.^ioiir 
is,  from  Eqs.  (314)  to  (3I7)» 

W4  -  2545  -^  (AE  X  OE/i),  ....     (318) 
and  per  kilowatt  hour  it  is 

W^K  =  34"  -  (A£  X  OE/k) (319) 

In  very  large  turbo-generator  outfits  the  value  of  OEffK  should 
be  0.65  or  more.  In  general  the  smaller  the  turbine  the  poorer 
the  efficiency,  as  is  shown  in  a  very  general  way  in  Fig.  236. 
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Fig.  236. 

(e)  The  ultimate  comparison  of  the  performances  of  turbines 
with  each  other  and  with  steam  engines  is  either  on  the  basis  of 
B.t.u.'s  supplied  per  minute  per  unit  of  output,  or  on  the  basis 
of  thermal  efficiencies.  In  the  ideal  turbine  the  B.ttt.  supplied 
per  h.p.  per  minute  are 

Bi  =  IVi  {qi  +  JCifi  +  CpDi  -  qt)  -f-  60, 
in  which  q^  is  the  heat  remaining  in  the  condensate,  which  heat 
is  considered  as  being  returnable  to  the  boiler  with  the  feed 
water  (as  in  Seci.  115  (d)).     In  the  actual  case  the  B.t.u.  sup- 
plied per  d,h.p,  per  minute  are 

Ba  =  Bi/OEfd  =  Wd{qx  +  xiri  +  TpDi  -  g,)  4-  60.     (320) 
The  B.t.u.  supplied  per  kilowatt  per  minute  in  the  ideal  case  are 
BiK  =  IViK  (qi  +  xiri  +  ZpDi  -  ft)  -^  60, .     .     (321) 
and  in  the  actual  case 

B4R  =  BiK  'OE/k  =  WdKiqi  +  Xifi  +  VpOi  -  qt)  -^  60.  (322) 
The  values  of  B^k  var>'  from  250  to  800  B.t.u.  per  minute. 
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(f)  The  ratio  of  ihe  heat  delivi-rcd  as  useful  energy  to  that 
iSupplied  in  tliu  steam  is  the  tbennal  efficiency.  The  thermal 
efficiency  on  the  d.h.p.,  as  in  the  case  of  the  steam  engine 
(page  210),  is 

Tniff-     ^545     _  3545  ,„,, 


id  based  on  the  kilowatt  output  it  is 
TDE/n 


MIL 


(324) 


(g)  Fig.  237  shows  typical  curves  for  a  large  turbine-gener- 
or  outfit.      it  is  seen  that  the  curve  of  total  steam  ronsump- 
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ion  (T.C.  curve)  is  practically  a  straight  line;  and  this  is  a  char- 
icteristic  of  such  curves  for  nearly  all  types  of  turbines.     !f,  in 
e  figure,  the  T.C.  curve  is  extended  to  intersect  the  Y-axis,  the 
Intersept    (I-'u)   represents   the  steam  required    to  operate   the 
turbine  when  delivering  nu  power.     It  is  the  amount  needed  to 
o\-ercome  tKc  friction  of  the  turbine  and  the  "  windage  "  (or 
friction  between  the  turbine  disks  and  the  vapor  in  wiiich  they 
rviate),  that  required  for  driving  the  governor,  oil  pumps,  etc., 
ind  that  for  meeting  the  lossts  due  to  leakage  and  radiation. 
The  waler-rale  curve  fW.R.).  or  curve  of  steam  used  per  kilo- 
:  hour,  is  also  shown  in  Fig.  237.     The  water  rat^s  at  the 
lifTereni  loads  are  obtained  by  dividing  each  total  consumption 
[ly  the  corresponding  kilowatts  as  found  by  test,  i.c..  by  dividing 
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the  ordinates  of  the  T.C.  curve  by  the  corresponding  abscissas. 
If  the  T.C.  curve  passed  through  the  origin,  as  it  would  in  liie 
ideal  case,  the  W.R.  curve  would  be  a  horizontal  straight  line, 
and  the  economy  of  the  turbine  would  be  the  same  at  all  loads. 
The  greater  the  Y  intercept  of  the  T.C.  curve  the  more  curva- 
ture does  the  W.R.  curve  have,  and  the  greater  are  the  consump- 
tions of  steam,  under  light  loads  [as  compared  with  those  under 
heavy  loads.  It  will  therefore  be  noticed  that  the  best  economy 
is  obtained  when  the  turbine  is  operated  atjts  maximum  power. 
As  a  turbine  when  operating  under  its  usual  load  should  have 
some  reserve  power  (or  **  overload  capacity"),  it'mu^c^ormally 
operate  at  a  load  and  an  efficiency  less  than  the  maximum.  On 
this  account,  and  because  wide  fluctuations  of  load  may  occur, 
a  flat  water-rate  curve  is  desirable. 

Many  turbines  have  an  auxiliary  "  overload  valve  "  which 
admits  live  steam  to  the  low-pressure  stages  of  the  turbine  when 
it  is  considerably  overloaded.  At  such  load  the  T.C.  curve  and 
W.R.  curve  change  character,  as  in  Fig.  237  at  O  and  (X. 

In  Fig.  237  is  also  shown  the  curve  of  over-all  ejficiency  of 
turbine  and  generator  {OEJk)-  In  this  case  A£  has  been  taken 
as  the  available  heat  in  the  steam  just  before  it  reaches  the 
throttle  valve.  Thus  OEJk  includes  the  losses  entailed  by  the 
governor  valve  throttling  the  steam,  which  is  the  principal 
reason  for  the  decrease  of  this  efficiency  when  the  turbine  output 
is  diminished.  WTiy  this  loss  occurs  is  explained  in  (k)  of  this 
section. 

(h)  Fig.  238  shows  on  a  Mollier  chart  an  expansion  line 
starting  with  dry  saturated  steam  at  p  pounds  pressure  and 

MOLLIER  CHART 


Fig.  238. 

extending  to  various  lines  of  terminal  pressure.  It  is  seen  that  ex- 
pansion to  15  pounds  pressure  theoretically  makes  available  heat 
represented  by  a,  and  that  further  expansion  to  one-half  pound 
absolute  back  pressure  would  add  to  this  an  amount  of  heat 
represented  by  g.  Thus,  if  steam  from  an  ideal  noncondensing 
engine  or  turbine  is  expanded  in  a  second  ideal  turbine  to  one- 
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half  pound  absolute  pressure,  the  total  jxjwer  obtainable  would 
evidently  be  nearly  twice  (in  this  instance)  that  derived  from  the 
noncondensing  unit,  Maiiy  "low-pressure" or  "eihaust-steam " 
turbines  are  operated  with  steam  received  from  an  engine  at 
about  atmospheric  pressure,  and  these  in  many  instances  give 
as  much  power  as  do  the  engines  which  furnish  the  steam. 

Again  referring  to  the  expansion  line  in  Fig.  238,  and  starting 
with  terminal  pressure  2i  lbs.,  it  is  seen  that  the  succeeding  half- 
pound  drojjs  are  accompanied  by  the  heat  increments  lettered 
u,  d,  e.  and  /■  the  amounts  of  which,  in  this  particular  case,  in- 
Ecrcase  the  available  energy  respectively  in  the  percentages  '^.j, 
E5.6, 6.3,  and  10.    It  is  apparent  that  these  heat  increments  rapidly 
'  become  larger  as  the  back  pressure  is  lowered,  hence  a  one-inch 
!■  change  in  vacuum  from  28  to  29  ins.  is  much  more  efifective  than 
one  from  26  to  27  ins.     The  actual  case  would,  of  course,  differ 
somewhat  from  the  ideal,  but  the  real  gains  from  improving  the 
vacuum  are  about  proportional  to  the  theoretical;  hence,  wltli 
_  steam  turbines,  it  is  desirable  to  use  as  low  back  pressures  as  the 
other  considerations  will  permit. 

(i)    In  the  T^diagram  in  Fig.  239  the  Clausius  cycle  is  super- 
Ti[X)Scd  on  the  Rankine,  ge  being  the  constant  volume  line  at 
ickasc  in  the  latter.     Now,  by  de- 
^sing  the  back  pressure,  with  tem- 
Riperaturc  reduction  from  7»  to  Tt,  the 
increased  amount  of  heat  made  avail- 
able in  the  ideal  turbine  is  shown  by 
_arca  abed,  whereas  in  the  engine  it  is 
only  aefd.      Actually   there    is    still 
reater  difference  between  the  gains. 
pbr  in  the  engine  the  increased  range 
f  temperature  augments  the  loss  due 
I  cylinder  condensation,  whereas  in 
be  turbine  there  is  no  equivalent  to  such  condensation  since 
iie  steam  flows  continuously  in  the  same  direction,  and  there- 
we  constantly  comes  in  contact  with   parts  which   have  pre- 
iriously  beaime  heated    to   its  own    temperature.      Evidently, 
the   turbine    can  use   very  low  back   pressures  to  better 
dvantage  than  the  engine,  other  things  being  equal. 

(j)   The  gain  due  to  using  superheated  steam  is  illustrated  on 
the  MoUier  chart  in  Fig-  240.     In  expanding  from  dry  salu- 
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to  1  pound  pressure,  B.tJL 
theoretically  available, 
in  expanding  through  tk 
sznfr  press4ire  range  but  staning 
vh^  stream  superheated  150  d^ 
^n«s.  B-T.u.  represented  byA£'are 
-izstDt  a\'ailable.     If  p  is  165  pounds 

LZ^xs:^.  a  gain  of  nearly  1 1  per  cent 

2r  •er-srred  per  pound  of  steam,  and 

-  ^    _;  :fL>»  iToar  0.9  as  much  steam  would 

:«r  :2!«c  as  with   saturated  mate- 

-_  -    -   -»*^  rr:c»"~  >  !>:<  in  this  proportion,  hcwi- 

:  _    >:j.-  "¥xsr  ^^TCosc  pCT  pound  of  steam  in 

7">.  rtij.:   i.rt.-.'t  u  deCTees   of  1  pound  of  the 

.    .  :_-    .-.  7<r:r:   ":    :e  ^^77  B.i.u..  and  in  the  case 

-  - ..-  ^-- .  —    -  i-  : :  :•=-     I:  ^be  feed  ii3ter  is  at  72"  F., 
-..--.  r  '  :-  i->-"'i  3w  i<CTe«s.     The  fuel  used  per 

'-x      -_-o  %\.  rs*^  -*  ^-   '-^  ratio  •  1277  —  40)  -^ 
-      7":  ^  -^.r  Sfi:  s;:roiied  by  the  fuel  per  unit 
.  .  .    ^   :r  ":-":-i  j-'-^i"  >  -.ised  is  0.9  X  1.07  =  0.96 
._..-.   -  -  -^  -  j-i'-^i  >:?i=^.  *^  the  theoretical  saving 
7  —  ..  .rw-i.r*?*-     P:>e  actual  sa>-ing  may  be 
....       -  ^.  >.'--.:  j^r. 7^  rvS'-'-ts  in  the  steam  having 
-----  _::_:c:^:  fxr^irs-rc  and  the  presence  of 
-  ...    -     -  -:_^<•^  : T:"   Tr.rr^.c  :h3:  the  steam  en- 
..  -  -       ;  -  -  « J  t  ire  i'*iLir  surT^oes. 
-    .-^  -.    r.  >.rr-..i:-r;:  rii>  rircc:  greater  improve- 
...  ,    _-^  .:  'Trz  \s.r':iTit.  because  of  it>  influ- 

—    -:-:.:'  :\  '..  it*mc'3i<?  :he  power  output 
^  ---.  -•.-.:.—  >-pr'*>.     This  process  not 
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-T-irr.   rn.rL'Te  thrott'inj;.  and 

..!  :-.-..i:  Ji^'.  of  the  steam  being 
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inilLally  the  same  in  boih  cases.  It  is  therefore  evident  that  the 
throttling  process  must  theoretically  decrease  the  economy  of  the 
turbine. 

tSi.  Tbermo<]ynainics  of  Actual  Turbines.  In  the  energy 
stream  of  Fig.  242,  J£  is  ihc  heat  that  would  lie  made  available 
pr  doing  work  when  there  is  complete  e.V|jansion  of  I  pound  of 


fig,  !4;. 


am  through  the  nozzle,  or  nozzles,  of  a  single  stage  of  an 
idea]  turbine,  and  A^i  is  the  unavailable,  or  waste,  heat. 

(a)  In  the  actual  case,  some  of  the  steam  may  not  pass  through 
ftlhe  nozzle,  for  there  may  be  leakage  to  the  exhaust.     For  ex- 
ample, in  Fig.  234  some  of  the  steam  may  leak  from  chamber  2 

>  chamber  3  through  the  clearance  space  a  between  the  third 
diaphragm  and  the  shaft.  This  leakage  loss  (which  may  repre- 
lent  from  zero  to  5  per  cent,  or  more,  of  the  total  energy)  is  shown 
by  stream  line  a  in  Fig.  242,  and  the  energy  still  available  for 
doing  work  is  represented  by  A. 

(b)  Because  of  the  frictional  resistance  offered  by  the  nozzle 
piralls,  and  because  of  eddy  currents,  etc.,  all  of  the  heat  theo- 
[Wtcally  made  available  by  the  steam  expanded  through  the 
lozKles  is  not  converted  into  kinetic  energy  of  the  jet.  The 
lortion  of  i£  not  utiliied  remains  in  the  steam  as  heat;  hence 

I  the  figure  the  nozzle  loss  b  is  shown  as  subtracted  from  the 
llX'ailable  energy  and  added  to  that  wasted-     This  loss  may  be 
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from  3  to  15  per  cent  of  the  total  available  energy.    The  energy 
still  available  is  shown  in  the  figure  by  B, 

(c)  Similarly,  not  all  of  the  kinetic  energy  of  the  jet  is  ab- 
stracted by  the  turbine  buckets.  The  remainder,  or  bucket 
loss,  which  may  be  from  10  to  30  per  cent,  is  reconverted  into 
heat  by  eddy  currents  and  by  the  reduction  of  velocity  in  the 
turbine  chamber,  and  this  heat  is  added  to  that  already  in  the 
steam  before  it  reaches  that  point.  This  loss  is  represented  by 
c  in  the  figure,  and  the  energy  still  available,  by  C. 

(d)  Further,  because  of  the  "  windage,"  or  friction  between  the 
rotor  and  the  enveloping  vapor,  not  all  of  the  energy  absorbed 
by  the  buckets  is  transmitted  to  the  turbine  shaft.  This  loss 
may  be  from  2  to  8  per  cent  with  the  high  velocities  of  rotation 
prevailing.  This  frictional  energy  is  converted  into  heat  by 
the  eddy  currents  set  up  in  the  vapor,  and  this  heat  is  added 
to  that  already  stored  in  the  vapor,  as  shown  at  d  in  the  figure. 
The  energy  still  available  for  doing  work  is  shown  by  D. 

(e)  The  heat  not  utilized  remains  in  the  steam  and  is  shown 
by  H  in  the  figure.  If  the  steam  from  this  casing  is  used  in 
another  turbine,  or  as  another  stage  of  the  same  turbine,  the 
diagram  of  energy  flow  for  this  second  element  would  also  resem- 
ble Fig.  242,  but  the  initial  width  of  the  steam  line  would  be  H. 

(f)  In  addition  to  the  foregoing,  there  are  the  radiation  loss 
and  the  mechanical  losses  from  bearing  friction  and  (possibly) 
from  the  driving  of  oil  pumps,  governor,  etc.  These  are  shown 
at  e,  /,  and  g.  G  represents  the  energy  finally  delivered  by  the 
shaft.  The  ratio  of  G  to  AE  is  the  over-all  efficiency  of  the 
turbine*  (not  including  the  generator). 

(g)  Losses  a,  6,  c,  d,  and  e  constitute  the  equivalent  of  the 
cylinder  losses  in  the  steam  engine;  hence,  the  ratio  of  the  heat 
shown  at  E  to  AE  may  be  called  the  cylinder  efficiency  (lEf). 

(h)  Fig.  242  will  also  apply  qualitatively  to  midiistage  tur- 
bines considered  as  a  whole,  in  which  case  a,  6,  c,  d,  and  e  show 
the  combined  losses  of  all  stages. 

(i)  On  the  Mollier  chart  in  Fig.  243,  let  the  initial  state  of 
the  steam  be  shown  by  point  1,  with  pressure  ^,  entropy  ^, 
quality  Xu  and  associated  heat  A^i  per  pound.  In  the  ideal 
case,  after  expansion  through  the  nozzle  to  a  pressure  of  Pt 
pounds  per  square  inch,  the  state  point  would  be  at  2,  with 

*  This  is  sometimes  called  the  "shaft  efficiency." 
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entropy  ^j,  quality  Xt,  and  associated  heat  AQt.  The  heat  theo- 
retically made  available  is  shown  by  AE.  In  the  real  case, 
as    has   been  seen,  only  a  part  of  A£  is  actually  delivered  to 


Fig.  ^43- 
he  shaft  by  the  wheels  or  drums.     This  amount  is  shown  by 
y£'=  (lEf  X  ^E)  in  the  figure.     Evidently  the  heat  remaining 
I  the  exhaust  steam  is  shown  by  AQt   =  (AQi  —  AE'). 
With  tliis  amount  of  heat  in  the  exhaust  steam  and  with  the 
terminal  pressure  Pt  as  before,  the  state  point  showing  the  con- 
dition of  steam  in  the  actual  case  must  be  at  2',  the  point  on 
Ihe  pressure  line  having  heat  value  equal  to  AQt'.     Thus  the 
mutual  condition  of  the  exhaust  steam  is  such 
that  the  quality  is  Xi',  the  entropy  is  *.,  and 
the  heat  above  32  degrees  is  AQ2'.    This  is 
e  condition  of  the  steam  exhausted  to  the 
^ndcnser  or  to  the  atmosphere,  or  to  the   < 
rxt  stage,  as  the  case  may  be. 
(j)  Fig.  244  is  a  T^-diagram  correspond- 
big  to  the  Mullicr  chart  in  Fig.  243  and  is 
Btmilarly  lettered.    A^i  is  shown  by  the  area 
tx>unded  by  heavy  lines,  AQ3  by  area  Oab2<t>,.  p- 

hnd  AQ3'  by  the  hatched  area.     AE'  is  the 
Jifference  between  the  areas  AQ,  and  AQi    and   is  not  shown 
iirectly  by  any  area  on  the  diagram. 

183.  The  Dynamics  of  Impulse  Steam  Turbines,  (a)  In  dis- 
cussing the  dynamics  of  turbines,  it  is  necessary  to  distinguish 
etween  the  "absolute"  velocily  and  the  "relative"  velocity 
(  the  jet  of  steam.  Absolute  velocity  is  the  linear  speed  (r)  of 
;  jet  with  respect  to  things  that  are  stationary;  the  relative 
nkKl^  (R)  is  the  speed  of  jet  relative  to  the  buckets,  which 
tfiemselves  are  moving  with  a  velocity  u. 
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(b)  The  available  energy  of  w  pounds  of  steam  flowing  throu 
the  nozzle  per  second  is  w  X  778  X  A£,  and  the  kinetic  ener 
which  it  imparts  to  the  jet  is 

^^  =  -^^ (325 

in  which  v  is  the  absolute  velocity  of  the  jet  in  feet  per  second- 
Hence,  if  the  nozzle  efficiency  is  £/n, 

EfnXwX  778  X  A£  =  — , 

from  which  the  velocity  of  the  jet  is  found  to  be  (feet  per  second) 

v  =  223.Sy/AExEU (326) 

(c)  To  completely  utilize  the  kinetic  energy  of  the  jet  in  an 
impulse  turbine,  the  absolute  velocity  of  the  jet  must  of  course 
be  reduced  to  zero  (regardless  of  the  final  direction  of  motion), 
and  it  is  the  functioii  of  the  blades  on  the  rotor  to  perform  this 
reduction  and  receive  the  energy.  If,  after  passing  over  the 
blades,  the  jet  still  has  velocity  (W2),  it  is  evident  that  there  is 
loss  of  energy  due  to  the  residual  velocity  equal  in  amount  to 

KE.^"^ .     (327) 

(d)  If  in  Fig.  245  the  jet  has  an  absolute  velocity  Vi  and  the 
bucket  has  an  absolute  velocity  u  =  1/1/2  in  the  same  direction, 

^^_^      ____  _prm-  ^^^  relative  velocity  of  jet  to  bucket  is 

"°^  R  =  V1/2  as   it   enters.     Then    if    the 

bucket  directs  this  jet  rearwards  (op- 
posite and  parallel  to»i),  the  absolute 
Leacket      velocity  V2  of  the  working  substance  is 
zero,  and  the  entire  energy  has  been 
^.  absorbed. 

Fist  2 a  •* 

Could  the  friction  between  the  jet 
and  the  surface  of  the  bucket,  the  eddying,  and  spilling  of  the 
working  substance,  be  eliminated,  the  efficiency  of  conversion  in 
such  a  case  would  be  100  per  cent. 

(e)  If  in  Figure  246  the  line  J  represents  the  absolute  velocity 
Vi  of  the  jet  and  its  direction  of  motion  compared  with  that  of 
the  bucket,  the  direction  and  velocity  of  which  are  shown  by  », 
the  relative  velocity  of  jet  to  bucket  is  shown  in  amount  and 
direction  by  i?i,  which  is  found  by  constructing  the  triaimJe 


:  with  side  be  ■■ 
I  which  the  jet 

;  to  the  moving  bucket,  then  t-  is 
eaftio/)((c  velocity  and  direction  of  the 
,  anti   its  vector   is  found   by  con- 
tructing    the    triangle    def  with   side 
Evidently  the  presence  of  this 
esidual  velocity   vt   represents  a   loss 
f  energy  which  is  equal  to  i£*j"2g. 
e  the  bucket  efliciency.  neglecting 
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I*.     If  Rt  is  the  relative  velocity  and  direction 
discharged  with  r 


Ef- 


ue 


2E 


(328) 


It  will  be  apparent  from  Fig.  246  that  ft  can  never  be  made 
BTo  if  Vi  and  Uj  are  not  both  parallel  to  u,  and  that  unless  this  is 
i  case  the  bucket  efficiency  must  be  less  than  unity.     It  will 
o  be  evident  that  fj  is  a  minimum,  and  the  efficiency  is  maxi- 
»um,  when  u  is  of  such  value  as  to  cause  Vs  to  he  at  right  angles 
This  value  of  v  can  be  determined  either  graphically  or 
iiathematically  by  methods  which  need  not  be  considered  here. 
,ngle  ahc  —  20°,  which  is  about  as  small  an  angle  as  can  be 
I  when  the  nozzle  is  placed  at  the  side  of  the  buckets,  and  if 
Ii  and  Rj  form  equal  and  opposite  angles  with  the  direction  of 
tie  bucket's  motion,  «  will  be  about  47  per  cent  of  vs. 

Further  discussion  of  the  dynamics  of  turbines  will  be  given 
1  connection  with  the  descriptions  of  the  various  types. 

183.  De  Laval  Type  of  Single-stage  Turbines.  — This  type  of 
tirbine  (developed  about  i88Sj  is  shown  diagrammatically  at  A 
B  the  chart  given  on  page  374 ;  and  the  details  of  its  mechanism 

e  shown  in  Fig.  247.  The  velocity  diagram  resembles  Fig.  246, 
ut  as  the  \-elocity  (vi)  of  jet  issuing  from  the  nozzle  may  be 
■om  .VXK)  to  4000  feet  per  second,  it  is  not  usually  possible  to  use 
ticket  velocities  (k)  which  correspond  to  maximum  efficiency, 
r  no  available  materials  or  possible  constructions  will  withstand 
)  speeds,  The  bucket  velocities  are  therefore  made  as  high 
I  is  safe.  The  wheels  of  the  300-horse-power  De  Laval  turbine 
E  about  30  inches  i n  diameter  and  rotate  at  about  10,600  r.p.m., 
ith   peripheral   speed   of  about    1380   feet   per   second.     The 
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GeaenU.     In  each  of  the  above  diagrams  the  upper  portion  shows  a  loogi 

tudinal  section  of  the  turbine,  the  middle  of  the  figure  represents  a  transnn 

I    section  through  the  buckets  and  nozzles,  and  below  this  are   curves  whic 

I    show  how  the  pressure  and  velocity  of  the  steam  vary  during  the  poitaf 

of  the  vapor  through  the  turbine.     The  pressures  and  \'elocities  are  sbo* 

respectively  by  the  ordinates  of  the  heavy  and  of  the  light  curves, 

j        A,   De  I«7al  Type  (see  Sect.  183).     In  this  type  of  turbine  it  is  to  be  pa 

'    ticularly  noted  that  the  full  drop  in  pressure  and  the  entire  increase  in  velocil 

of  the  vapor  arc  completed  before  the  jet  issues  from  the  end  of  the  bohI 

as  shown  by  the  curves;  thus  there  is  no  expansion  of  the  steam  after 

reaches  the  wheel  casing.     The  velocity  curve  also  shows  the  jet's  velocit 

decrease  resulting  from  the  absorption  of  the  kinetic  energy  by  the  bucltei 

and  further  shows  the  residual  (lost)  velocity  associated  with  the  kinetic  eneri 

B.  Rateau-Zoelly  Type  (see  Sect.  185).     Each  pressure   stage   is   seen 
resemble  a  single-stage  turbine  of  the  Dc  Laval  type. 
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CH.\RT.  (ContiniiMO.  —  Pkujcipal  Couuekcial  Types  or  Steam  Tcrbines. 


NOTES  {Continued). 

C.  Curtis  Type  (see  Stcl.  t86).  The  diagram  shows  a  turbine  having  two 
tmisvre  stages,  each  of  wliich  has  two  vtlodty  staijes.  It  is  seen  by  the  curves 
that  the  pressure-drops  and  velocity -increases  occur  entirely  within  the  noi- 
x\e»  Ni  and  iVt  (i.e..  there  is  no  expansion  of  the  vapor  in  the  wheel  casings). 
In  each  pressure  stage  (he  jet  first  passes  over  the  moving  blades  M,  to  which 
it  turrtndtrs  part  uf  ils  kinetic  energy  (thereby  losing  some  oE  its  velocity), 

1  and  is  then  guided  by  the  stationary  blades  S  to  act  on  thesecond  set  of  mov- 
1  ing  blades  M^,  which  ab^ifb  still  more  of  the  energy  by  further  decreasing  the 
I  Velocity  »f  the  jet.  Thus  the  (kinetic)  velocity  energy  is  absorbed  in  two 
I  Heps,  or  stages,  in  each  pressure  stage. 

D.  Puwms  Type  (see  Sect.  I88).  Expansion  lakes  place  in  both  the  station- 
l«ry  and  the  moving  blades,  as  is  shown  by  the  steam- pressure  line  In  the  dia- 
1  Ctatn.  The  steam  is  accelerated  in  passing  through  the  first  row  of  stationary 
lliuckets:  the  issuing  jets  are  then  retarded  by  coming  in  contact  with  the  lirsi 

■  inuviDg  biifkcl*.  lo  which  they  surrender  part  of  their  kinetic  energy;  and 
I  «liile  passing  between  these  latter  buckets  the  stream  is  further  expanded  and 

K  from  them  with  a  reatrtion.    Thus  the  moving  blades  receive  energy 
Kb}'  both  iinpulsi-  and  reaction.     This  process  is  continued  in  each  of  the 

■  cenling  pnirs  □(  stationary  and  mm'ing  sets  of  blades. 


i 
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5-horse-power  turbine  has  a  wheel  about  4  inches  in  diameter^ 
the  r.p.m.  are  30,000,  and  the  rim  speed  is  515  feet  per  second. 

To  provide  the  maximum  theoretical  strength,  the  smaller 
wheels  have  sections  resembling  that  in  Fig.  247  at  (a);  while 
the  larger  wheels  are  without  central  hole,  the  shaft  being  made 
in  two  parts,  each  fastened  to  the  side  of  the  wheel  by  flanges. 
The  buckets  and  the  method  of  attaching  them  to  the  wheel 
are  shown  at  {b)  in  the  figure.  The  flanges  on  the  bucket  tips 
form  a  continuous  ^^  shroud  ring/'  and  this  prevents  the  jets 
from  flattening  and  "  spilling  **  over  the  ends  of  the  blades. 

Although  the  wheels  are  balanced  with  the  greatest  care,  the 
gravity  axis  never  exactly  coincides  with  the  geometrical  axis 
of  the  shaft.  To  prevent  difficulty  which  might  arise  with  such 
high  speeds  from  this  lack  of  balance,  the  shaft  is  made  slender 
and  flexible  so  that  the  wheel  can  "  gyrate  "  about  its  gravity 
axis.  Owing  to  the  high  speed  the  '*  torque  "  on  the  shaft  is 
small  and  a  small  diameter  is  therefore  permissible. 

In  most  instances  the  rotative  speeds  are  too  great  to  permit 
of  '*  direct  connection  "  to  the  generator,  pump,  or  other  machine 
which  is  to  be  driven,  hence  reducing  gears  of  ratio  about  10  :  i 
are  used. 

To  obtain  continuity  of  action  and  noiselessness,  the  gears  are 
of  the  opposed  "  herring-bone  **  type,  with  very  narrow  teeth, 
which  are  cut  and  adjusted  with  extreme  accuracy.  The  pinion 
may  drive  either  one  or  two  pairs  of  large  gears,  each  of  the 
pairs  delivering  power  independently.  The  power  is  delivered 
from  the  gear  shaft  through  a  flexible  coupling,  the  bushings 
shown  black  in  the  figure  being  made  of  rubber. 

The  governor  shown  at  e  is  of  the  centrifugal  fly-ball  type. 
As  the  weights  W,  W,  (pivoting  on  knife-edges  at  P)  fly  out  due 
to  centrifugal  force,  the  rod  R  is  moved  longitudinally,  thus 
moving  the  bell  crank  L  (in  view  {c))  and  regulating  the  amount 
of  opening  of  the  governor  valve  5  (which  is  vertical  on  actual  tur- 
bines). Thus  the  turbine  is  throttle-governed.  There  generally 
are  several  nozzles  like  d  around  the  periphery  of  the  wheel,  and 
these  are  provided  with  hand-shut-oflf  valves.  If  the  load  on  the 
turbine  is  very  small,  it  is  better  to  close  some  of  these  valves, 
so  that  the  nozzles  remaining  in  action  may  operate  at  or  near 
their  maximum  capacity  (the  most  efficient  condition)  rather 
than  have  all  the  valves  in  operation  with  steam  greatly  throt* 
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Fig.  148A.     Pclton  Tjpe. 
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Flg.  34£B.    Multistage  Impulse  Tuibme  (Kerr). 
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ed  (with  the  accompanying  loss),  Sometimes  there  are  two 
its  of  nozzles,  one  to  be  used  when  operating  condensing,  and 
le  other  when  noncondensing. 

184.  Pelton  Type  of  Steam  Turbine.  Single-stage  impulse 
iteam  turbines,  with  buckets  like  those  used  on  Pelton  water 
wheels,  may  be  built;  but  the  same  difficulties  are  encountered 
ti  them  that  appear  in  the  De  Laval  type  of  single-stage  turbine. 

By  making  the  turbine  multistage,  and  using  a  sufficient 
number  of  stages,  these  difficulties  may  be  avoided,  the  jet 
velocities  may  be  reduced  to  twice  the  bucket  speeds  that  can 
le  used  safely. — thereby  obtaining  the  highest  bucket  efficiency 
see  Section  182  (d)),  — and  the  rotative  speeds  maybe  made  such 
s  to  permit  the  direct  driving  of  electric  generators,  centrifugal 
lumps,  blowers,  etc.,  without  the  use  of  gearing. 
Fig.  248A  shows  the  principal  elements  of  a  turbine  which  is 

this  type.  In  this  figure  (a)  shows  one  wheel,  the  nozzles 
one  in  section),  the  section  of  the  casing  of  the  adjacent  stage 

higher  pressure,  and   the  bucket.     The  longitudinal  section 

the  turbine  is  shown  in  (b).  The  steam  passes  from  A  to 
he  chamber  S,  thence  through  nozzles  N  to  the  first  stage,  I, 
phere  the  jet  impinges  on  the  buckets  on  the  wheel,  the  section 
f  which  is  shown  black.  From  the  first  stage  the  steam  passes 
1  like  manner  through  the  nozzles  JV  in  the  diaphragm,  to  act 
n  the  buckets  of  the  second  wheel:  and  so  on  through  the 
urbine  until   the  steam  is  exhausted   at   E.     To  prevent  the 

sibility  of  any  leakage  of  air  through  the  stuffing  boxes  at  B 
which  would  affect  the  vacuum),  a  chamber  is  provided  which 

1  l)e  filled  with  water  (forming  a  "  water  seal  ")  or  with  steam 
It  pressure  slightly  above  atmospheric.  The  governor  and  gov- 
iRior  valve  arc  somewhat  similar  to  those  of  the  De  Laval 
urbine.     These  turbines,  formerly  known  as  the  "  Kerr."  have 

;n  replaced  by  the  t.\pe  shown  in  Fig.  248B. 

[85.  Rateau  Tj^pe  of  Steam  Turbine,  Turbines  having  from 
to  40  stages  arranged  somewhat  as  in  Fig.  234  were  developed 
>y  Professor  Rateau  of  Paris  in  1897.  The  nozzles,  instead  of 
l)eing  of  circular  cross- section,  are  rectangular,  and  are  grouped 
iiosely  together  so  that  the  intervening  walls  are  thin  plates  of 
iniform  thickness.     The  buckets  on  all  wheels,  except  the  last 
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few.  are  of  the  same  length.  The  group  of  oonles  in  the  fint 
diaphragm  extends  over  a  short  arc,  that  in  the  next  diafdiragm 
is  a  little  longer,  and  so  on ;  thus  as  the  steam  passes  through  the 
turbine  the  circular  arc  covered  by  the  nozzles  and  the  passage 
areas  increase  in  size.    (See  B  in  diart  on  page  374.) 

The  ZoeUy  turbine  is  similar  to  the  Rateau,  except  that  (l) 
about  half  as  many  stages,  and  higher  nozzle  and  bucket  speeds, 
are  used;  (2)  in  all  the  diaphragms  the  tiozzle  bands  extend 
farther  around  the  peripheries;  and  {3)  the  radial  widths  of  the 
nozzle  groups,  and  the  lengths  of  blades  on  the  wheels,  looease 
from  one  end  of  the  turbine  to  the  other.  Fig.  248B  shows  a 
modem  turbine  of  the  Rateau-Zoelly  type. 

186.  Curtis  Type  of  Steam  TnrUne.  —  Referring  to  Fig.  246, 
it  is  seen  that  the  energy  loss  from  the  residual  velocity,  Vt,  'a 
quite  large.  Curtis  (in  1896)  patented  the  arrangement  whereby 
the  jet,  with  this  residual  energy,  is  directed  to  act  on  other  sets 
of  rotating  blades,  from  which  it  departs  with  residual  vdodty 
much  less  than  in  the  previous  case.  This  process  is  tenned 
"velod^  compounding." 

Theoretically,  this  process  may  be  continued  indeiinitdy,  and 
the  final  residual  velocity  may  be  reduced  to  any  desired  value. 


Fig.  249. 

In  practice,  however,  the  bucket  fric- 
tion and  other  losses  make  it  inexpedi- 
ent to  use  more  than  two  or  three  rows 
of  rotating  blades  per  stage.  Fig.  249 
shows  the  arrangement  of  a  single 
stage  having  two  rows  of  moving 
blades  (3/),  with  one  set  of  stationary 
ones  (5)  between,  all  receiving  steam  ^"  ^^°' 

from  a  set  of  nozzles  (N),  each  nozzle  being  controlled  by  a  sepa- 
rate valve.  Fig.  250  is  the  corresponding  ideal  velocity  diagram. 
The  velocities  Ri,  Rt,  and  Vi  are  found  in  the  same  manner  as  in 
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Fig.  246.  TTiestationary  blade  5  turns  the  discharge  jet  A' to  die 
"itXTtion  /'  so  as  to  cause  it  to  act  on  the  bucket  M-i  with  vc- 
'ocity  p,  s=  Pi  (neglecting  losses).  The  velocity  diagram  vi,RiRA\ 
**  Constructed  in  the  same  manner  as  in  Fig.  246,  and  i'»  is  the  final 
^■eli>city,  the  corresponding  residual  energy  (loss)  being  imu^l2g.  ' 

.■\s  the  steam  expands  fully  in  passing  through  the  nozzle,  the 
Ptssurc  throughout  the  casing  of  the  stage  is  uniform.     This 
^^\A  llie  velocity  variation  are  shown  in  diagram  C  on  p.  375. 
The  smaller  turbines  of  this  type  usually  have  but  one  stage. 
^vhiif  the  larger  ones  have  from  two  to  five  "  pressure  stages  " 
separated     by    diaphragms, 
each   diaphragm   containing 
the  nozzles  for  the  following 
stage.    These  turbines  have 
eitlier  horizontal  or  vertical 
shafts.  In  the  latter  arrange- 
ment, which  is  shown  in  Figs. 
251    and    252,   the   shaft  is 


Fig.  151. 


Fia.  --5  2. 


1 

I 


supported  by  a  "step  bearing."  to  the  center  of  which  oil  is  sup- 
plied at  sufficient  pressure  to  support  or  float  the  shaft  and  all 
parts  fastened  to  it. 

Fig-  251  shows  diagrammatically  a  four-stage  turbine  in  which 
the  ftteam  enters  at  the  top  and  exhau.%ts  at  the  bottom.  Such 
turlnncs  rest  on  a  subbase,  which  is  either  connected  to  the  con- 
denser or  itself  forms  the  walls  of  a  surface  condenser,  as  in  Fig. 
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352 ;  the  generator  is  friaced  above  the  turlniie  and  the  govanof 
is  mounted  on  tlie  upper  end  of  the  diaft.  Fig.  353  shopws  one 
arrangement  of  step  bearing,  and  a  portion  of  the  rotatiag 
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"  bucket  segment,"  with  buckets  held  in  place  by  "  doB^aiis." 
The  buckets  are  separated  by  "  spacing  Mocks  "  and  their  tips 
are  riveted  to  shroud  rings. 

On  lai^  turbines  the  governor  usually  moves  a  small  **  jOat 
valve  "  which  controls  the  position  of  a  hydraulically  operated 
piston,  the  rod  of  which  moves  a  shaft  having  cams  which  open 
or  close  the  nozzles  of  the  first  stage.  Thus  the  power  output 
of  the  turbine  depends  on  the  number  of  first-stage  nozzles  in 
action.  The  governing  is  by  the  method  of  "  cutting  ont  noz- 
zles "  or  cutting  them  in. 

187.  Velocity  Conqwunding  with  a  Single  Row  trf  Rotating 

Buckets.  Instead  of  using  a  sea>nd  set  of  rotadi^  blades  in 
an  impulse  turbine  to  abstract  some  of  the  eneigy  remaining  in 
the  jet  when  it  leaves  the  first  set,  as  is  done  in  the  Curtis  type 
of  turbine,  this  energy  can  be  used  (in  part)  by  causing  the 
same  jet  to  impinge  repeatedly  on  a  single  set  of  blades. 

Fig.  254  shows  diagrammatically  the  elements  of  the  "  Elec- 
tra  "  turbine  (European),  which  is  of  this  type,  and  has  blades 
perpendicular  to  the  plane  of  the  wheel  disk.  The  full  expansion 
of  the  steam  occurs  entirely  within  the  nozzle  N,  and  the  guide 
passages  G  merely  redirect  the  steam  so  as  to  cause  it  to  im- 
pinge properly  on  the  buckets.  As  the  volume  of  the  steam 
remains  constant  while  passing  through  the  guide  passages,  the 
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cross-sectional  area  of  these  passages  must  increase  as  the  veloc- 
ity (residual)  of  the  steam  decreases. 

The  path  of  the  jet,  instead  of  being  serpentine  as  in  Fig.  254, 
may  be  heticoidal  as  shown  at  a  in  Fig.  255.     It  may  be  con- 
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«dered  that  the  lower  part  of   this  path  is  in  the  semicircular 
buckets  of  the  turbine  wheel  shown  at  b  and  c  in  the  figure,  and 

["'  ,t  the  upper  part  is  in  the  stationary  guides  of  similar  form, 
th  this  construction  it  is  possible  to  obtain  good  steam  econ- 
y 


^^^^^ 
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ny  with  low  rotative  speeds,  even  though  a  single  wheel  be 
The  same  scheme  is  applicable  to  turbines  having  two 
or  more  pressure  stages.  The  power  that  is  obtainable  with  any 
wheel  is  limited  by  the  number  of  nozzles  and  guide  "blocks" 
that  can  be  placed  around  the  periphery. 

The  forerunner  of  this  type  of   turbine  was  the  "Riedler- 

IStumff  "  turbine  (European),  with  double  semicircular  buckets 
like  the  Pelton. 
[    In  Fig.  256  is  shown  a  Teny  turbine  with  casing  opened. 
the  method  of  operation  is  as  shown  in  Fig.  255.     Flange  B 
PDuples  to  the  facing  B'  when  the  turbine  is  closed,  and  valve 
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Fig.  156, 

A'  can  be  used  to  shut  off  some  of  the  nozzles  when  the  load  is 
small.     The  casing  is  subjected  to  the  exhaust  steam  only. 

The  Sttirtevant  turbine.  Fig.  257,  operates  in  a  similar  man* 
iier,  but  is  of  somewhat  different  construction.  The  helical  and 
serpentine  paths  are  used  in  several  other  turbines. 

18S.  ReactioD  Turbines,  (a)  A  simple  reaction  wheel  (sim- 
ilar to  Hero's)  is  shown  in  Fig.  258.  The  pioneer  developers 
(Dc  Laval  and  Parsons)  of  the  modem  steam  turbine  and  many 
other  inventors  have  tried  to  produce  a  commercial  form  of 
turbine  based  on  this  principle,  but  without  success.  Experi- 
enced designers  now  recognize  the  fact  that  other  forms  are 
better  for  most  purposes.     The  sectioned  part  a  in  the  figure 
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Fig-  »S7- 

constitutes  a  rotating  nozzle  of  the  convei^ng  type,  correspond- 
ing to  a  small  pressure  drop  from  Pi  to  /**. 

(b)  Another  simple  reaction  turbine  is  shown  in  Fig.  259,  with 
blades  mounted  on  the  periphery  of  a  disk,  or  drum,  which  is 
arranged  to  rotate  about  axis  XX.     It  is  seen  that  the  space  be- 


Fig.  2s8-  Fig.  359- 

tween  the  blades,  as  shown  at  b,  has  the  same  form  as  the  nozzle 
a  in  Fig.  258;  hence  there  are  as  many  rotating  nozzles  as  there 
are  spaces  between  blades. 

In  this  arrangement  there  is  a  "  full  peripheral  discharge  "  of 
the  steam  around  the  entire  circumference,  and  it  is  important 
to  note  that  there  is  a  difference  between  the  pressures  Pi  and 
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Pt  on  the  two  sides  of  the  disk,  a  condition  contrary  to  that 
present  in  the  impulse  type  of  turbine. 

(c)  Fig.  260  may  be  used  to  show  certain  features  <rf  the 
modern  type  of  reaction  turbine.  Between  the  tips  of  the 
blades,  on  the  drum,  and  the  casing  there  is  necessarily  a  radial 
clearance  space,  and  because  of  the  inequality  between  the  pres- 
sures Pi  and  Pt  leakage  occurs  through  this  space.  This  dear- 
ance  is  of  course  always  made  the  minimum  practicable.  The 
relative  amount  of  leakage  is  evidently  dependent  on  the  ratio 
of  this  annular  space  to  the  passE^  area  between  blades;  thus, 
the  longer  the  blades  are,  the  less  the  leakage,  with  the  same 


Fig.  ibo. 

clearance.  If  the  peripheral  diameter  is  decreased,  not  only  is 
the  annular  space  reduced,  but  the  blades  must  be  lengthened  to 
maintain  the  same  passage  area  between  them ;  hence  there  is  a 
twofold  reduction  in  the  leakage  accompanying  such  change. 

(d)  It  is  apparent  that  the  difference  between  pressures  Pi 
and  Pi  in  Fig.  259  causes  an  end  thrust  on  the  shaft.  The  same 
is  true  of  the  arrangement  in  Fig.  260.  This  thrust  may  be 
resisted  (i)  by  the  thrust  bearing  T  in  this  figure;  or  (2)  by  the 
balance  piston  B,  which  presents  to  the  pressures  Pi  and  P, 
areas  equal  to  those  exposed  by  the  blades  and  drum  end;  or 
(3)  by  using  a  "  double-flow  "  arrangement  of  drum  wher»n 
there  are  two  similar  rows  of  blades  having  discharges  which 
are  equal  but  opposite  in  direction  and  hence  give  opposite  end 
thrusts.  In  any  case  there  must  be  a  thrust  bearing  to  main- 
tain the  rotor  in  its  proper  position. 

(e)  The  leakage  between  the  piston  B  and  the  shell  is  usually 
reduced   by  employing  mating  collars,  as  in   Fig.  260,  which 
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ffm  a  "labyrinth  passage"  which  becomes  more  or  less  sealed 
|>y  the  moisture  present  in  the  vapor. 

(f)  In  Fig.  261,  Ri  represents  the  velocity  of  the  jet  relative 
f  to  the  rotating  blades,  u  is  the  blade  velocity,  and  Vj  is  the  abso- 
[  lute  residual  velocity  of  the  jet.     In  practice     ^- 
Lthe  velocity  u  is  rather  low  (usually  from  150     ^^\ 
tto  300  foot-seconds),  hence  the  heat  drop  per     .^\ 


TV- 


Fig.: 


;8tage  is  relatively  very  small. 

(g)  The  so-called  Parsons*  "  reaction  tur- 
bine," besides  having  the  rotating'  reaction 
blades  similar  to  those  in  Fig.  260,  has  station- 
ary guide  blades  which  act  as  nozzles,  the  jets 
from  which  impinge  on  the  rotating  blades. 
Hence  such  turbines  combine  the  impulse  and  the  reaction 
principles. 

Fig.  262  shows  such  an  arrangement,  S  and  M  being  respec- 
tively stationary  and  moving  blades.  It  is  seen  that  not  only  is 
there  leakage  at  the  tips  Li  of 
the  moving  blades,  but  also  at 
the  ends  /.j  of  the  stationary 
ones.  These  turbines  are  made 
multistage,  with  stationary  and 
rotating  blades  alternating.  The 
action  of  the  steam  on  the  mov- 
ing blades  is  twofold:  (i)  The 
direction  of  the  jet  is  changed, 
and  if  no  other  action  took  place 
it  would  leave  with  lowveiocity^ — 
thus  there  is  an  impulse  action; 
and  {2)  the  steam  expands  while 
passing  through  the  moving 
blades  and  acquires  velocity  by 
y  virtue  of  that  expansion,  so  that 
when  discharged  rearwards  there 
is  a  reaction  effect.  The  residual 
velocity  of  the  jet  leaving  the 
rotating  blade  is  redirected  and 
icreased  by  the  next  stationary  blades  and  discharged  against  the 
ext  row  of  moving  blades,  and  so  on  from  one  end  of  the  turbine 
>  the  other.     (See  D  in  the  chart  on  page  375.) 


Pig.  16a. 
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As  the  bucket  velocities  are  small,  it  is  necessary  to  use  small 
faeat  drops  per  stage,  hence  a  great  many  stages  are  used.  As 
he  \'olume  of  steam  under  high  pressure  is  small,  the  passages 
leiween  blades  must  be  small,  and  the  blades  themselves  are 
onsequently  short.     To  reduce  the  leakage  the  high-pressure 

iges  are  hence  made  small  in  diameter  compared  with  low-pres- 
ure  stages,  where  the  volume  of  the  steam  is  large  and  the 
ilades  are  long.     The  heat  drops  in  each  of  the  first  stages  are 

tout  2  or  3  B.tu,,  whereas  in  the  last  stages  drops  of  about 
o  B.t.u.  may  be  used. 

(h)  One  arrangement  of  the  We stinghouse -Parsons  turbine  is 
hown  in  section  in  Fig.  265.  After  passing  the  governor  valve 
he  steam  enters  at  A  and  flows  between  the  blades  on  three  cyl- 
),  and  Ri,  which  progress  in  diameter,  until  it  reaches 
he  exhaust  opening  A'.  The  three  balance  pistons,  Pi.  P3,  and  Pi, 
nth  equalizing  pipes  E,,  Ej,  and  Et,  balance  the  thrust,  and  the 
hrust  bearing  T  constrains  the  rotor  to  its  proper  position, 
fhe  governor  moves  the  pilot  valve,  which  in  turn  controls  the 
pvemor  valve.  The  operation  is  such  as  1.0  cause  the  latter 
ralve  to  constantly  move  up  and  down,  admitting  the  steam 
'  by  puffs,"  which  vary  in  duration  with  the  load.  If  the 
lemand  on  the  turbine  becomes  more  than  can  be  met  by  all 
he  steam  that  can  flow  between  the  first  blades,  the  turbine's 
J  will  decrease  slightly  and  the  governor  will  then  open  the 
werload  valve,  thus  admitting  steam  to  a  point  (O  where  the 
e  area  between  blades  is  greater,  so  more  steam  can  be  used 
>  meet  the  emergency,  although  less  efficiently  than  before. 


(i)  Fig.   264  shows   the   general    arrangement   of   the   AUis- 
halmers-Parsons  turbine,  which  is  of  the  same  general  type  as 
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the  Westinghouse,  but  differs  somewhat  in  its  anangement, 
construction,  and  method  of  governing.  The  largest  balance 
piston  Ps  is  placed  at  the  exhaust  end  of  the  rotor  and  the  gov- 
erning is  by  the  throttling  method. 

(j)  In  multistage  turbines  the  elements  in  the  different  stages 
need  not  all  be  of  the  same  type.  It  is  sometimes  desirable  to 
use  in  the  first  stages  that  type  which  operates  best  with  steam 
at  high  pressures,  and  in  the  remaining  stages  the  type  best 
suited  for  low-pressure  conditions.    See  Chart  on  page  394a. 

189.  Applications  of  the  Steam  Turbine.  Owing  to  the  hig^ 
rotative  speeds  and  to  the  inability  to  vary  these  speeds  sud- 
denly or  to  reverse  the  direction  of  rotation,  there  are  many 
fields  of  **  direct  driving "  which  the  steam  turbine  cannot 
enter. 

(a)  Driving  electric  generators,  which  furnish  current  for 
almost  an  unlimited  number  of  purposes,  is  the  largest  field  of 
application. 

(b)  Turbines  are  used  with  direct-driven  centrifugal  pumps 
which  discharge  against  low  or  high  heads  (circulating  pumps, 
boiler-feed  pumps,  etc.). 

(c)  They  are  used  for  driving  centrifugal  air  compressors 
(which  are  usually  multistage),  fans,  blowers,  etc. 

(d)  In  some  instances  small  low-speed  turbines  have  been 
used  for  belt  driving.  Ordinarily  it  is  not  feasible  to  reduce  the 
rotative  speeds  by  use  of  gearing  unless  specially  designed  and 
constructed  for  the  purpose. 

(e)  The  torque  on  a  turbine  shaft  is  relatively  very  small, 
hence  turbines  are  not  applicable  where  a  large  starting  effort  is 
involved. 

(f)  In  man>'  instances  steam  is  available  at  pressures  which 
are  too  low  to  use  in  an  engine,  but  can  be  used  advanta- 
geously in  "low-pressure"  or  '* exhaust-steam "  turbines,  pro- 
vided a  high  vacuum  can  be  maintained  in  the  condenser. 

In  plants  in  which  engines  are  operated  noncondensing,  there 
can  be  added  turbines  of  this  type  to  receive  exhaust  steam  at 
about  atmospheric  pressure  and  to  exhaust  into  a  condenser 
ha\ing  good  vacuum.  In  such  cases  it  is  desirable  to  maintain 
a  [pressure  slightly  above  atmospheric  in  the  pipes  between  the 
engine  and  the  turbine  to  avoid  leakage  of  air  into  the  steam 
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1  resultant  decrease  of  vacuum.  When  the  steam  is  received 
at  about  atmospheric  pressure,  the  exhaust  turbine  will  develop 
B  horse  power  with  about  30  pounds  of  steam  per  hour,  provided 
the  vacuum  is  good.  The  probable  water  rate  in  any  case  can 
[be  computed  by  using  Eq.  {318).  With  this  and  the  avaiiable 
atnount  of  steam  known,  the  power  that  can  be  developed  by 
the  exhaust  turbine  can  be  readily  computed. 

Condensing  engines  can  be  operated  noncondensing  with  late 
ut-off,  thus  giving  about  their  normal  power,  and  the  exhaust 
team  can  be  used  in  a  low-pressure  turbine,  the  combined 
outfit  thus  giving  power  greatly  in  excess  of  (sometimes  double) 
normal  power  of  the  engine  alone.  Such  arrangements 
lisually  are  more  economical  than  either  the  engine  under  the 
sriginal  conditions  or  a  turbine  which  receives  steam  direct 
from  the  boiler.  The  less  economical  the  engine,  the  more 
lieat  remains  in  its  exhaust  steam  for  use  in  the  turbine. 

(g)  If  the  supply  of  steam  furnished  a  low-pressure  turbine  is 
ntemiittcnt,  as  in  a  rolling  mill,  a  regenerator  or  accumulator 
an  he  used  to  make  up  any  temporary  deficiem-y  which  may 
Kcur.  This  device  consists  of  a  closed  vessel  which  contains 
water  over  or  through  which  the  steam  passes  on  its  way  to  the 
turbine.  Thus  this  water  becomes  heated  to  the  temperature 
of  the  steam.  Should  the  supply  of  steam  cease,  the  steam 
jressure  would  decrease  and  as  a  result  some  of  the  water  would 
mporize  and  supply  the  turbine  with  working  substance  at 
Sntinually  decreasing  pressure  for  a  short  interval  of  time. 
Usually  there  is  also  provision  for  supplying  steam  direct  from 
iie  boilers,  through  a  reducing  valve,  in  case  the  normal  supply 
Eoils  for  a  considerable  length  of  time;  and  sometimes  the  tur- 
Wne  has  a  high-pressure  stage  which  is  normally  inoperative, 
but  which  is  brought  into  action  in  such  an  emergency. 

(h)  Marine  propulsion  is  another  large  held  for  the  appli- 
cation of  the  steam  turbine.  A  saving  in  the  weight  of  the 
turbine  and  of  space  occupied  can  be  effected  by  using  high  ro- 
Bti%'e  speeds,  and  the  economy  can  be  improved  by  using  high 
buckeT  velocities,  On  the  other  hand,  the  propeller  on  a  slow- 
wing  vessel  is  inefficient  if  o|jerated  at  rotative  speeds  which 
e  high.  Hence  in  applying  the  turbine  to  the  direct  driving  of  a 
Xfller,  a  compromise  must  be  effected ;  evidently  the  best  results 
kuuld  be  obtained  on  high-speed  vessels,  and  such  is  the  case. 
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There  have  been  invented  numerous  speed-reducing  devices 
(mechanical,  hydraulic,  and  electric)  to  be  placed  between  the 
turbine  and  propeller  shaft,  but  there  is  still  doubt  as  to  their 
feasibility,  and  until  such  devices  are  used  the  application  of  the 
turbine  will  probably  be  limited  principally  to  vessels  of  hig^  speed. 

Special  provision  must  be  made  for  backing;  usually  a  small 
**  backing  element  **  is  placed  at  the  end  of  the  turbine.  As 
turbines  are  very  uneconomical  when  operating  below  their 
normal  speeds,  they  should  not  be  used  for  low-speed  cruising. 
Sometimes  smaller  **  cruising  turbines  "  are  added  for  such  ser- 
vice. Turbines  are  not  satisfactory  when  much  maneuvering 
must  be  done,  and  in  some  instances  a  combination  of  engines 
and  turbines  has  been  used  for  such  service. 

190.  Advantages  and  Disadvantages  of  the  Steam  Turbine. 

(a)  When  operating  under  normal  load  (i.e.,  with  the  usual  allow- 
ance for  overloading),  a  comparison  of  the  best  performances 
does  not  show  that  the  turbine  has  any  advantage  over  the 
engine  even  when  unusually  good  vacuums  are  used  with  the 
former.  It  is  probable,  however,  that  the  average  large  conr 
densing  turbine  with  high  vacuum  gives  better  performance 
than  the  average  large  condensing  engine.  In  general,  non- 
condensing  and  small  turbines  do  not  compare  so  favorably. 
In  many  cases  it  is  found  that  from  the  standpoint  of  fuel 
economy  there  is  little  choice  between  the  turbine  and  the 
engine,  in  which  cases  the  selection  must  be  based  on  other 
considerations. 

Comparison  should  be  made  at  normal  load  and  should  be  either 
on  the  basis  of  B.t.u.  actually  supplied  per  d.h.p.-minute,  or  of 
the  thermal  efficiencies,  rather  than  on  the  basis  of  the  steam 
used,  unless  the  conditions  of  operation  are  identical. 

(b)  The  water-rate  curve  for  the  turbine  is  usually  flatter  than 
that  of  the  engine,  and  hence  with  widely  fluctuating  load  the 
average  economy  is  nearer  the  best  for  that  machine;  espe- 
cially is  this  the  case  if  the  unit  is  overloaded. 

(c)  The  space  occupied  by  the  turbine  is  much  less  than  by 
the  ordinary  engine,  especially  if  the  latter  is  horizontal.  In 
some  cases,  however,  this  is  partly  offset  by  the  greater  space 
that  may  be  occupied  by  the  larger  size  of  auxiliary  apparatus 
frequently  used  with  turbines. 
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(d)  The  turbines  use  no  ml  inlemally,  hence  the  condensate 
is  suitable  for  direct  return  to  the  boilers,  and  the  heat-trans- 
mitting surfaces  of  the  boilers,  condensers,  feed-water  heaters, 
etc.,  being  free  from  oily  coaling,  operate  under  best  conditions. 

(e)  Turbines  have  the  advantage  of  greater  uniformity  of 
relalion,  and  can  give  close  speed  regulation.  H  properly  "  bal- 
anced," they  are  practically  free  from  vibration,  hence  do  not 
require  massive  foundations  or  flywheels. 

(f)  Other  considerations  are  the  first  cost  of  turbine  and  gen- 
erator (which  is  generally  less  than  that  of  the  engine-generator 
outfit),  and  the  cost  of  auxiliary  apparatus  (which  is  often  greater 
with  high  vacuums).  The  cost  of  ground  occupied,  the  build- 
ing and  foundations,  the  reliability,  the  cost  of  condensing 
water,  supplies,  attendance  and  repairs,  the  allowance  for  de- 
preciation, etc.,  must  also  be  considered.  Such  matters,  how- 
ever, relate  to  the  Economics  of  Power-Plant  Engineering,  which 
will  not  be  discussed  here. 

(g)  There  are  many  fields  in  which  it  is  necessary  lo  operate 
at  low  angular  velocity,  at  variable  speed,  with  reversal  of  motion, 
or  with  large  starting  torque,  which  the  steam  turbine  cannot 
enter.     There  are  other  fields  in  which  high  angular  velocity 

^Kis  desirable,  or   not  disad- 
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•Dgine.  which  indicates  less  variation  in  economy  with  fiuctua- 
ions  of  load.  Inspection  of  this  curve  shows  that  the  best  econ- 
ny  is  obtained  at  the  maximum  load  (not  at  the  normal), — 
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F'.r  -s^.  ;*j>f.f  of  turbine: 

Per  ZTjund  of  in: till  preseure.  ^  per  cent. 

'^yirneraror  e!Tidenc> .  oi  per  cent  300  to  400  kflowatcs).  95 
per  ren:  51X)  kil.-jwatr^  .  96.5  per  cent  .  1000  to  3000  ldk>- 
*i;-.-!  .  and  9^  per  cent   5000  to  loxioo  kilovaccsL 

P'rr  dezTfTf:  rA  superheat.  /^  per  cent   300  to  looo  kBovatts) 

trA  \  per  cent    1200  to  7500  kilowatts). 
P'-r  irr.h  of  vacuum.  4  per  cent    500  to  lOOO  kilovatts'i  and 

:  z^^  cent    1200  to  75<x>  kilowatts'. 

f ','  ^  ur: :  :y*^   may  also  be  U5ed  tor  Rateau  and  ZoeSy  turbtoes' : 
f'-  -  'i'rvr^.-f:  of  ruperheat.  i  per  cent. 
P^  r  [r.rh  of  vacuum,  7  pier  cent    26  to  28  incbes--  and  9  per 

'rr.-    2-  to  2«>.5  inches  . 

7    '^^     ^rr^r-ior:  factorr.  should  be  used  only  when  the  changes 
ir.  .^.  "i  r:r':  -liiht.  orher^ise  the  results  may  not  be  reliable. 

c     Ir.  f  ii;'.  2^5.  the  cur\-e  for   *  steam  per  d.h.p.-hr."  is  based 
on  th'j  fyrakf:  horbe  power,  or  power  delivered  by  the  turbine 

•  Pa^  2^7,  Moycrs  ''Tbc  Steam  Turbine,"    Wiley  k 
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CHART 

TUBBISES   HAVING    COMBINATIONS  OF   StACES   OF    DIFFERENT 

Types 


;.  A,     "RcLura  Flow"  (Terry).  Rg.    B.     Comparison   of   LenKths   of 

Rotor  (Reaction  vs.  Combination  of  Vcluc' 
ity  Stage  and  Reaction). 
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shaft,  and  does  not  include  the  generator  losses.  The  other 
curve  includes  the  losses  of  both  the  turbine  and  the  .generator. 

(d)  Fig.  266  shows  the  B.t.u.  consumptions  and  the  thermal 
fiiciencics  corresponding  to  the  water-rate  curves  of  Fig.  265. 

Values  better  than  here  shown  can  be  obtained  by  using  higher 
lUpcrheats,  higher  pressures,  and  lower  vacuums  —  especially  by 
Using  the  latter. 

Some  of  the  best  results  so  far  obtained  with  large  turbines 
arc  given  in  Table  X,* 

(e)  Small  turbines  are  generally  much  less  economical  in  the 
consumption  of  steam  than  large  ones.  In  most  instances  this 
as  largely  due  lo  the  use  of 
■bucket  velocities  which  are 
much  less  than  those  cor- 
responding to  the  best  per- 
formance, and  which  result 
from  using  small  wheel  di~ 
ameters  and  low  rotative 
^>eeda  which  permit  of  di- 
rect connection  to  genera- 
tors, pumps,  etc.  The 
economy  of  such  turbines 
is  greatly  influenced  by  a 

rhange  in  bucket  speed. 

Fig.  267  shows  curves  of 
eteam  consumption  per  brake  horse-power  for  several  types  of 
small  turbines. t  It  shows  that  in  general  the  smaller  sizes  have 
poorer  economy. 

(f)  The  results  of  some  tests  of  the  59th  Street  Power  Plant 
of   the  Interborough  Rapid  Transit  Co,,  New  York  City.t  can 

!  used  to  compare  the  performances  of  the  same  power  plant 
Operating  first  without  and  then  with  exhaust  steam  turbines. 
This  plant  was  originally  equipped  with  condensing  engine- 
generator  units  each  developing  5000  kw.  at  normal  (economical) 
load,  and  having  a  maximum  rating  of  7500  kw.     Subsequently, 

iiaust  steam  turbines  of  7500  kw.  maximum  capacity  were 

Abo  »ee  Cbrislic.  "  Present  State  of  Dcvdopmcnt  o(  Large  Steam  Turbines." 
.VS.M.  E..  1911. 
»  Set  Onok.  "  Small  Steam  Turbines."  Trans.  A.  S-  M,  E.,  1909. 
t  Tnns.  A.  S.  M.  E.,  1910,  page  ;a. 
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added,  and  these  were  arrHxiged  to  operate  «-ith  bt^  vacmm  i 
on   steam  received   at  about   atmospheric   pressure   fmm  tbc  I 
engines,  which  latter  were  changed  to  ha\'e  later  cut-oSs  than 
before.    Tbe  addition  of  the  turbine  to  one  of  the  cngioe  units 
gave  the  fdlowing  results:  — 

(i)  Tbe  maximum  capacity'  was  doubled. 

(2)  Tbe  load  giving  the  best  steam  performance  (or  load 
tmder  which  the  unit  ^louid  normally  operate)  was  increased  lo 
about  2)  times  its  former  value. 

(3)  The  ascrage  steam  economy  (between  7000  and  15.000  1 
kw.)  was  25  per  cent  better  than  that  of  the  okl  engine  unit. 

(4)  It  was  estimated  that  tbe  average  steam  economy  was  , 
■3  per  cent  better  than  would  have  resulted  by  using  a  h^li-  I 
pressure  turbine  of  the  best  design  in  place  of  the  combined  unit. 

(5)  The  a\'erage  thermal  el1icienc>'  of  the  contbined  unit  was  ^ 
20.6  per  cent  (between  6500  and  i5o«*  k«.).  1 


CHAPTER    XXIII. 

EXTERMAL-COMBDSTION  GAS  ENGINES. 

192.  Definitioa.  (a)  The  name  gas  engine  is  applied  to 
rime  movers  in  which  the  working  substance  is  material  in 
aseous  form  comparatively  far  removed  from  the  conditions  of 
Bliqucfaccion.  Hence  the  working  substances  may  be  assumed  to 
fc-obey  the  laws  of  ideal  gases,  and  each  gas  engine  follows  approxi- 
Imately  one  of  the  gas  cycles  discussed  in  Chapter  VIII. 

(b)  At  present  gaseous  working  substances  consist  of  air  mixed 
■  with  other  materials  such  as  carbon  monoxide,  hydrocarbon 
[■■vapors  and  gases,  water  vapor,  and  carbon  dioxide. 

(c)  The  "  hot  body  "  is  approximated  in  real  engines  by  the 
[.burning  of  fuel  in  some  chamber  at  a  rate  which  maintains  the 
rrequired  high  temperature.  In  some  types  of  gas  engines  the 
'  fuel,  and  resulting  hot  "products  of  combustion,"  are  separated 

from  the  working  substance  by  metallic  walls  through  which 
the  heat  received  by  the  working  substance  must  pass,      Such 

(engines  are  known  as  extemal-combustion  gas  engines. 
In  other  gas  engines  the  fuel  and  the  air  for  its  combustion 
ire  burned  inside  the  cylinder  of  the  engine,  and  the  hot  products 
bf  combustion  form  the  expanding  working  substance.  Such 
Engines  are  called  intemal-combustioa  gas  engines,  or  simply 
internal -combust  ion  engines, 
l()3.  The  Hot-Air  Engine,  (a)  Many  attempts  have  been 
made  to  utilize  air  as  a  working  medium  tn  external -combustion 
engines,  but  only  two  such  engines  survive  to-day  in  this  country, 
and  they  are  built  only  in  small  sizes  and  for  special  service, 
gnveotors  have  long  tried  to  produce  an  actual  gas  engine  to 
jtIc  with  close  approximation  to  the  Carnot  cycle.  Even  if 
9113  were  possible,  it  would  be  unwise  commercially  because  of 
he  excesave  cylinder  volume  necessary  for  a  given  output  of 
lower. 

This  may  be  made  clear  by  drawing,  as  in  Fig.  268,  a  Carnot 
ycle,  an  Ericsson  cycle,  and  a  Stirling  cycle  for  comparable 
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conditions  so  as  to  show  the  greatest  volume  occupied  by  the 
gas  in  each  case.  This  is  best  done  by  imagining  one  pound  of 
gas  {air  in  the  figure)  to  receive  the  same  amount  of  heat  and  to 
work  between  the  same  temperature  limits  in  each  case.  The 
efficiency  and  work  done  will  then  be  the  same  in  each  case,  and 
will  be 

Ef=(Ti-  Tt]/Ti, 
and 

A£  =  AQ,  x£/  =  Ag,(r,  -  n)/Ti. 

The  figure  shows  that  the  maximum  volume  occupied  by   the 

working  substance,  and  hence  the  necessary  cylinder  volume,  is 

much  greater  in  the  case  of  the 

Carnot  engine  than  for  either  of 

the  others, 

.(b)  Thecylindervolume,  how- 
ever, determines  to  a  consider- 
able extent  the  size  and  ccsl  of  the 
engine.  As  will  be  brought  out 
later,  the  real  external-combus- 
tion gas  engines  operating  on  the 
Sttriing  and  Ericsson  cycles  are 
almost  prohibitively  targe,  and 
it  is  therefore  obvious  that  the 
Carnot  gas  engine  with  external 
combustion  must  be  commer- 
cially impossible. 

(c)  The  two  external-combus- 
tion gas  engines  now  in  use  in 
this  country  are  the  Sider  hot- 
aii  engine  and  the  Ericsson 
liot-air  engine.  The  former 
approximates  the  Stirling  cycle 
and  the  latter  the  Ericsson  cycle. 
Both  of  these  engines  are  direct-connected  to  small  water  pumps 
which  utilize  the  net  work  of  the  engine.  They  are  simpleand  sat- 
isfactory pumping  engines, particularly  for  farm  and  suburban  use. 
(d)  The  capacity,  that  is,  the  power  made  available,  is  limittd 
by  the  slow  rate  of  heat  transfer  between  the  metallic  walls  and 
the  more  or  less  quiescent  gas;  by  the  slow  rate  of  heat  condvclion 
in  the  gas  itself;  by  the  low  specific  heat  and  density  t^  the  gasi 
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Bnd  by  the  comparaih'ely  low  maximum  temperature  at  which 
it  is  advisable  to  maintain  metal, 

In  order  that  gas  may  absorb  or  give  up  heat  rapidly,  it  must 

lass  over  the  metallic  surfaces  in  a  thin  stream  and  at  high 
velocity.  This  necessitates  a  large  engine.  The  time  neces- 
sary for  heat  exchanges  is  so  great  that  the  engine  must  run  at 
very  slow  speeds  with  few  cycles  per  minute.  Obviously,  the 
smaller  the  number  of  cycles  the  greater  must  be  the  energy 
made  available  per  cycle,  and  hence  the  greater  the  aze  of  the 
fcngine  to  deliver  a  given  amount  of  power. 

The  efTect  of  low  specific  heat  is  to  increase  the  weight  of  gas 
necessary  for  a  given  heat  change,  and  the  low  density  results 

1  a  lai^e  volume  for  a  given  weight.  Both  effects  increase  the 
Bze  and  cost  of  engine  for  a  given  power. 

194.  Rider  Hot-Air  Engine,  (a)  This  engine,  which  approxi- 
ates  the  Sliding  cycle  (Section  54),  is  shown  in  Fig-  26q,  and  by 
>mparing  it  with  Fig.  23,  rc- 
■)roduced  at  (b)  in  the  upper 
jght-hand  corner  of  Fig.  269. 
;t  is  seen  to  have  all  the  parts 
»f  the  ideal  engine  following 
his  cycle.  In  the  two  figures 
limilar  parts  are  designated 
y  the  same  letter.  The  ideal 
jot  body  is  replaced  by  a  fur- 
lace,  the  gases  of  which  at 
Kmperalure  Ti  jacket  the  hot 
ylinder  Y.      The  regenerator 

is  approximated  by  a  pass- 

!  filled  with  closely  spaced 
Mates  HH,     The  cold  cylin- 

r  Ki  is  jacketed  by  water  X 
'ram  pump  P  and  is  main- 
aJned  at  a  practically  con- 
Itant  temperature  Ti.  The 
rater  replaces  the  cold  body. 
By  means  of  connecting  rods 
/  and  J'  the  pistons  D  and  C  a 
which  are  fastened  to  the  shaft,  with  the  crank  for  the  hot  cylinder 


;  connected  to  cranks  /  and  /' 
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leading  the  other*  by  about  90  degrees.  The  crank  shaft  carries 
a  fl>^hed  W  which  maintains  uniformity  of  rotatioa,  even 
though  the  power,  developed  and  ddivered,  varies  widely. 

(b)  In  the  ideal  cycle,  Rg.  22,  and  (a)  in  Fig.  269,  it  is 
assumed  that  during  the  isothermal  reception  of  heat  by  the  gas, 
the  left  piston  remains  stationary  at  the  bottom  of  its  stroke 
while  the  right  piston  rises;  that  during  the  isothermal  rejection 
of  heat  the  reverse  action  occurs;  and  that  during  the  isovcdumic 
changes  the  two  pistons  move  at  such  rates  as  to  keep  the  total 
inclf>sed  volume  constant  while  the  gas  passes  through  the 
regenerator. 

In  the  actual  case  these  actions  are  roughly  approximated  by 
connecting  the  pistons  to  cranks  which  are  nearly  at  right  angles. 
When  either  piston  is  at  or  near  its  lowest  position,  most  of  the 
working  substance  is  in  the  other  cylinder,  where  the  piston  is 
at  about  half-stroke  (since  the  cranks  are  at  about  right  angles). 
The  material  meanwhile  is  undergoing  an  isothermal  change, 
which  is  expansion  if  the  gas  is  in  cylinder  K,  or  compression  if 
in  Ki.  In  two  intermediate  positions  of  the  cranks  the  pistons 
are  moving  with  equal  and  opposite  velodries,  while  the  gas 
IS  undergoing  isovolumic  transfer  from  one  cylinder  to  the  other. 
Thus  in  the  Rider  engine  the  Stiriing  cycle  is  roughly  approxi- 
mated, with  considerable  blending  between  the  various  processes. 

(c)  The  actual  diagram  obtained  from  this  engine  cannot  readily 
be  directly  compared  with  the  theoretical,  and  a  reproduction 
is  therefore  omitted.  The  maximum  and  minimum  temperatures 
are  respectively  lower  and  higher  than  the  theoretical,  and  the 
corners  of  the  diagram  are  very  much  rounded. 

(d)  If  the  furnace  temperature  be  assumed  at  1500**  F.,  a  low 
value,  and  the  jacket  temperature  at  60°,  a  rather  high  value, 
the  Stirling  cycle  efficiency  is 

^zrr      ^1  -  ^^      (1500  +  460)  -  (60  +  460)  _  ^,  ^  ^^        ^ 
^^f  =  --rr- 1500  +  460 "  73-5  per  cent. 

The  actual  thermal  efficiency  on  the  i.h.p.  (TIEf)  is  seldom 

as  much  as  2  per  cent,  so  that  the  best  indicated  efficiency  is 

about 

lEf  =  2/73.5  =  0.027  =  2.7  per  cent. 

*  That  is,  preceding  it  in  the  direction  of  rotation. 
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The  corresponding  efficiency  for  internal  combustion  gas-en- 
[  gincs  and  steam  engines  is  generally  50  per  cent  or  more.  The^ 
'  poor  eeonomy  of  this  engine  is  thus  very  striking. 

195.  Ericsson  Hot-Air  Engine,  (a)  This  engine,  which  ap- 
proximates roughly  the  Ericsson  cycle  (Section  55),  is  shown  in 
Fig-  270,  in  which  the  parts  are  lettered  to  corresix>nd  with  the 
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Fig.  l^o. 

theoretical  engine  shown  in  Fig.  23.  The  furnace  U  replaces 
the  hot  body:  below  the  "  displacer  "  piston  j  is  the  hot  cylinder 
y,  jacketed  by  the  furnace  gases,  and  above  it  is  the  cnld  cylin- 
der Yi  with  jacket  -V  supplied  with  water  from  pump  P.  The 
upper  or  working  piston  2  transmits  the  power.  When  the 
displacer  piston  j  is  up.  most  of  the  gas  is  below  it  in  the  hot 
cylinder.  Upon  descending,  this  piston  transfers  the  gas  to  the 
cold  cylinder  Y\  above,  and  when  ascending,  returns  it  to  the 
hot  cylinder  Y.  The  function  of  the  regenerator  R  is  performed 
by  the  walls  of  the  cylinder  and  of  the  loose-fitting  displacer 
piston,  between  which  the  gas  passes  in  transferring  from  one 
cylinder  to  the  other. 

The  engine  has  an  ingeniously  arranged   mechanism  which  I 
gives  such  kinematic  motion  to  the  displacer  and  working  pistons  I 
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as  to  produce  approximately  the  PV-changes  of  the  theoretical 
Ericsson  cycle. 

(b)  The  conditions  of  heat  transfer  are  even  poorer  in  this 
engine  than  they  are  in  the  Rider,  and  as  a  result  the  power 
developed  for  the  same  heat  supply,  and  for  same  size  of  cylinder, 
is  only  about  one-third  of  that  obtained  with  the  other  engine. 

(c)  It  is  worthy  of  note  that  a  very  large  hot-air  engine  of  a 
different  type,  which  was  constructed  by  Ericsson,  gave  a  thermal 
efficiency  of  about  lo  per  cent.  It  was,  however,  enonnously 
bulicy  and  mechanically  unsatisfactory. 


IHTBRKAL-COMBUSTION  ENGIWES. 
Methods  of  Operation. 
156.  Advantages  and  Types,  (a)  Although  exlernal-comhu^ 
lion  engines  with  gaseous  working  substance  are  not  generally 
commercially  successful,  the  in/erwa/-combustion  engine,  on  tKe 
other  hand,  is  widely  used,  and  is  capable  of  giving  the  highest 
economies  now  attained  by  any  type  of  heat  engine. 

The  success  of  the  internal -com  bust  ion  engine  is  chiefly  due 
to  the  fact  that,  since  the  products  of  combustion  constitute  tht 
Tvorking  substance,  the  maximum  temperature  is  that  due  to 
combustion;  whereas  in  the  external -combustion  engine  the 
maximum  temperature  of  the  working  substance  is  limited  by 
the  capacity  of  metallic  walls  to  withstand  high  temperature,  and 
to  transmit  heat. 

In  internal-combustion  engines  with  proper  design  the  highest 
temperature  attainable  may  be  used  without  danger  to  metallic 
walls,  and  it  is  thus  possible  to  approach  theoretical  efficiencies 
corresponding  to  temperatures  of  from  2500°  to  3000°  F.  Be- 
cause of  the  high  pressures  thai  accompany  high  temperatures,  the 
engines  are  also  small  for  a  given  capacity. 

(b)  During  the  past  twenty  years  the  use  of  internal-com- 
bustion engines  has  rapidly  increased,  until  now  many  large 
power  plants  depend  entirely  upon  them  for  power.  These 
engines  operate  on  either  the  Otto  cycle  or  the  Diesel  cycle. 
Engines  following  the  latter  cycle  were  until  recently  a  more  of 
less  special  type  adapted  only  to  certain  limited  conditions,  but 
this  limitation  is  rapidly  disappearing. 

(e)  Th6re  are  two  distinct  types  of  engine  following  thfr 
Otto  cycle;  one  requires  two  piston  strokes,  and  the  other  four, 
to  complete  a  cycle.  They  are  known  as  two-stroke  cycle 
and  foar-stroke  cycle  engines,  or  improperly  as  "  two-cycle  " 
■cycle  "  engines.     The  four-stroke  cycle  is  in  more 
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Fig.  271. 


common  use,  though  it  has  several  theoretical  and  practical  disad- 
vantages as  compared  with  the  other  type. 

197.  Cylinder  Operations  of  Foor-Stroke  Otto  Qfde.    (t) 

The  heat  is  evolved  wUhin  the  cjdinder  by  the  burning  of  a 

mixture  of  fuel  gas,  or  vapor, 
with  air,  which  supplies  ooEygen 
for  combustion.  The  gaseous 
products  of  combustion  form 
the  working  substance,  which, 
after  expansion,  must  be  ex- 
j  I  pdled  from  the  c>dinder  to 
LnL^  give  place  to  a  fresh  combusti- 
ble charge  for  the  next  cyde. 
The  engine  is  shown  diagram- 
matically  in  Fig.  371. 
(b)  Imagine  a  cylinder  as  shown  in  the  figure,  with  an  inlet 
valve  /  and  an  exhaust  valve  E  located  in  the  head  and  arranged 
to  open  inwardly;  and  assume  that  the  piston  is  in  its  extreme 
left  position,  that  its  motion  can  be  controlled  as  desired,  that  a 
cycle  has  just  been  completed, 
and  that  the  **  clearance  space  ** 
or  *'  combustion  space  ''  between 
the  face  of  the  piston  and  the 
cylinder  head  is  filled  with  burnt  p 
gases  at  atmospheric  pressure. 

Now  with  the  valve  E  closed, 
and  with  /  open  to  a  supply  of 
combustible  mixture  at  atmos- 
pheric pressure,  the  first  stroke 
of  the  piston  (to  the  right)  will 
cause  some  of  this  mixture  to  pass 
into  the  cylinder,  where  it  will  mix  with  the  burnt  gases,  and  thus 
diluted  will  fill  the  available  space  at  approximately  atmospheric 
pressure.  The  line  ed  in  Fig.  2^2,  at  a  height  of  14.7  pounds 
per  scjuare  inch  above  the  horizontal  axis,  represents  this  process. 
Now  imagine  the  inlet  valve  /  closed  and  the  piston  moved  to 
the  left  performing  the  second  stroke.  During  this  stroke  the 
mixture  will  be  compressed  until,  finally,  its  volume  is  reduced 
to   that   of   the   clearance  space.     This  compression   may   be 
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assumed  to  be  adiabatic,  although  this  would  not  be  absolutely 
true  in  any  real  case  on  account  of  the  thermal  properties  of  the 
metallic  walls.  The  ideal  process  is  represented  by  the  adiabatic 
compression  line  da,  corresponding  to  the  similar  line  in  Fig.  26, 
page  94. 

At  this  point  a  the  charge  is  ignited  by  an  electric  spark,  or 
other  means,  and  it  may  be  assumed  to  burn  completely  with 
the  piston  stationary.  This  would  cause  an  increase  in  tem- 
perature and  pressure  corresponding  to  the  ideal  isovoiumic 
addition  of  heat,  as  shown  by  the  line  ab,  Fig.  272. 

The  piston  will  then  make  a  third  stroke,  being  driven  out 
by  the  high-pressure  gas  expanding  according  to  the  curve  6c, 
which  may  be  considered  an  adiabatic. 

In  the  ideal  case  heat  would  be  given  to  the  cold  body  accord- 
ing to  process  cd,  while  the  volume  remained  constant,  but  tai 
the  actual  case  the  exhaust  valve  E,  in  Fig,  271,  is  opened, 
allowing  the  high-pressure  gas  to  expand  into  the  atmospheri 
until  the  pressure  in  the  cyhnder  falls  to  d. 

During  ihc foitrlk  stroke  the  returning  piston  expells  the  remain- 
ing gas  according  to  the  line  de,  and  at  e  the  starting  conditions 
arc  restored,  with  the  clearance  space  filled  with  burnt  gases  at 
atmospheric  pressure. 

(c)  Although  four  strokes  are  required  to  complete  the  prao 
tical  cycle,  the  work  area  under  the  hne  ed  cancels  that  under  dei 
thus  the  ultimate  result  is  the  development  of  a  cycle  inclosing 
the  work  area  alicda,  exactly  as  in  the  ideal  Otto  engine  discussed 
in  Section  56,  page  94. 

The  two  strokes  corresponding  to  ed  and  de  are  really  pumping 
strokes,  used  to  draw  in  the  new  charge  of  combustible  and  ta 
expel  the  burnt  gases.  They  are,  therefore,  necessitated  by  prac- 
tical considerations,  though  not  essential  to  the  ideal  cycle. 

(d)  A  real  engine  of  this  type  is  shown  seml-diagrammatlcally 
in  Fig,  273.  The  cylinder  head  has  been  broken  away  to  show 
the  valves,  which  correspond  exactly  to  valves  /  and  E  of  Fig.  271. 
Instead  of  using  a  mixture  reservoir,  assumed  in  the  ideal  casCi 
the  real  engine  forms  its  own  mixture  during  the  suction  stroke^ 
drawing  the  constituents  through  the  pipes  in  the  figure. 

The  cylinder  and  cylinder  head  of  the  real  engine  are  water- 
jacketed  to  prevent  overheating  of  the  metal. 

The  valves  in   this  case  are  positively  operated  by  linkage 
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(not  shown)  moved  by  cams  on  the  "  half-time  shaft,"  or  "  cam 
shaft,"  shown  along  the  aide  of  the  engine.  This  shaft  is  drivoi 
by  gears  from  the  crank  shaft,  the  gears  bong  so  proporliooed 
as  to  give  the  cam  shaft  one  revolutian  for  every  two  revolutiaai 
of  the  crank  diaft. 


Rg.  a73. 
198.    The  Air  Card,    (a)  The  series  of  operations  just  described 
cannot  be  carried  out  perfectly  in  any  real  engine;  thus  the 
picture  of  what  actually  occurs  in  the  working  cylinder  is  quite 
different  from  Fig,  272. 

(b)  The  losses  in  the  cylinder  are  commonly  determined  by 
comparing  the  actual  diagram  with  the  diagram  of  an  ideal  Otto 
cycle  with  air  as  the  working  substance.  This  ideal  diagram  is 
also  called  the"  air  card,"  or  "  air  diagram,"  and  it  is  constructed 
for  an  engine  like  that  shown  in  Fig.  271,  operating  as  described 
in  the  last  section,  but  with  air  only  in  the  cylinder. 

Referring  to  Fig.  272,  it  is  assumed  that  at  the  punt  d  the  . 
clearance  and  displacement  volumes  are  filled  with  air  at  atmos- 
pheric  pressure  and  temperature;  that  the  compression  da  is 
adiabatic;  that  at  a  heat  is  added  equal  to  that  which  would  be 
liberated  by  complete  burning  of  the  combustible  mixture  used 
per  cycle  in  the  real  engine;  that  from  b  the  expansion  is  adia- 
batic  to  c;  and  that  the  heat  is  then  removed,  as  in  the  ideal 
case,  until  the  air  returns  to  starting  conditions  at  d. 

(c)  The  pressure  at  a  can  be  found  from  Eq.  (45b)  and  the 
*-«mperature  can  then  be  con'putcd  from  Eqs.  (51)  and  (53). 
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he  height  of  the  point  b  is  obtained  thus:  First  find  the  theo- 

itical  temperature  to  which  this  quantity  of  heat  would  raise  the 

charge  of  air,  with  heating  taking  place  at  constant  volume,  and 

with  specific  heat  of  air  constant;  then  determine  the  corre- 


iponding  pressure  Pi,  from  the  relation  - 


199.  Real  Indicator  Card  for  Four-Stroke  Cycle,  (a)  In 
Fig.  275   is  shown  a  real  engine  with   the  cylinder  surrounded 

y  a  waler  jacket  to  prevent  overheating  of 
[the  metallic  walls.  Fig.  274  shows  another 
engine  in  which  the  cylinder  is  covered  by 
fibs  presenting  large  radiating  surface  so 
that  air  may  be  the  cooling  medium  instead 
of  water.  The  actual  cards  obtained  from 
Buch  engines  differ  in  many  res|)ects  from 
the  ideal  air  card  just  discussed,  because 
of  (i)  chemical  and  physical  properties  of 
the  real  working  substances;  (2)  thermal 
properties  of  the  metallic  parts  of  the  en- 
pne;  and  {2)  mechanical  faults,  such  as 
leaking  piston  and  valves.     The  variations  Fig.  174. 

ire  shown  in  Fig.  275.  in  which  the  real 
3rd  (full  lines)  has  been  superimposed  on  the  ideal  diagram 
(dotted).      Parts  of  the  real  card  have  here  been  overdrawn  to 
accentuate  the  variations. 

(h)  Starting  at  the  end  c  of  the  expansion  line,  in  the  ideal 

ase  with  the  mechanism  of  Fig.  271.  the  exhaust  valve  would 
be  opened  to  allow  the  charge  of  the  preceding  cycle  to  escape 
5nto  the  exhaust  pipe.  In  the  real  case,  however,  this  valve  must 
start  to  open  before  the  end  of  the  stroke,  say  at  c',  which  is 
usually  at  from  85  to  90  per  cent  of  the  out-stroke.  This  is  neces- 
sary so  that  the  valve,  which  cannot  be  opened  instantly  to  its 
full  extent,  may  have  time  to  open  fully  before  the  end  of  the 
stroke  is  reached;  and  because  the  gas  in  the  cylinder,  due  to 
[ts  inertia,  takes  an  appreciable  time  to  pass  through  the  exhaust 

Edve  despite  the  fact  that  the  gas  pressure  of  from  1 5  to  35  pounds 
DT  more  above  the  atmosphere  is  available  to  accelerate  it. 

From  c'  the  expansion  line  drops  rapidly  to  the  end  of  the 
■troke,  b«jth  because  additional  space  is  vacated  b>'  the  piston 
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as  it  continues  outward,  and  because  of  the  exit  of  gas  from  the 
cylinder. 

(c)  The  line  d'e'  is  higher  than  the  ideal  exhaust  line  de. 
This  is  idue  to  the  pressure  difference  necessary  to  cause  the  flow 
of  gas  through  the  exhaust  valve  and  pipe  to  the  atmosphere. 
As  the  area  opened  by  the  valve  is  limited  by  practical  consider- 
ations, a  high  average  velocity  of  gas  flow  through  this  valve  is 
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necessary  in  order  to  empty  the  cylinder  in  the  available  time. 
This  velocity  varies  from  8o  to  125  feet  or  more  per  second,  and 
to  produce  it  the  exhaust  pressure  line  d'e'  must  be  from  one  to 
three  pounds  above  atmospheric.  Instead  of  being  straight, 
this  line  is  generally  more  or  less  wavy  because  of  the  inertia  of 
the  gases. 

(d)  At  e',  with  the  piston  at  the  end  of  the  stroke,  the  clear- 
ance is  hlled  with  products  of  combustion  at  a  pressure  slightly 
above  atmospheric  and  at  a  temperature  probably  700"  to  900° 
Fahr.  As  the  piston  starts  on  the  "  suction  stroke,"  these 
gases  expand  to  some  pressure  /,  from  one  to  ax  pounds  below 
that  of  the  mixture  supply  (which  is  usually  at  atmospheric 
pressure),  before  the  new  charge  begins  to  flow  through  the  open 
inlet  valve  into  the  cylinder.  This  flow  continues  as  the  pistcm 
moves  out  until  the  end  of  the  stroke  is  reached  at  g,  when  the 
cylinder  is   filled  with  a  mixture  of  the  new  charge  and  the 
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burnt  gas  previously  left  in  the  clearance.     This  **  suction  line,** 
fg,  is  only  approximately  straight  and  horizontal. 

Evidently  during  both  the  exhaust  and  the  suction  strokes  the 
piston  must  do  work  on  the  gas,  and  this  decreases  the  power  that 
the  engine  can  deliver. 

(e)  The  compression  line  ga'  is  generally  below  da  (i)  because 
compression  begins  at  g  with  pressure  below  atmospheric;  (2) 
because  the  physical  properties  (7,  etc.)  of  the  real  mixture  are 
different  from  those  assumed  for  air  (3)  because  the  process  is 
not  adiabatic,  for  there  is  heat  interchange  between  the  gas  and 
the  walls  of  the  piston,  cylinder,  and  head;  and  (4)  because  of 
leakage  past  piston  and  valves.  This  process  is  generally  inter- 
mediate between  an  adiabatic  and  an  isothermal. 

(f)  At  or  near  a'  ignition  occurs,  and  as  it  actually  takes  an 
appreciable  time  for  the  flame  to  spread  throughout  the  mixture, 
and  as  the  piston  does  not  remain  stationary  at  the  end  of  the 
stroke  during  the  complete  process  of  combustion,  the  sloping 
ignition  line  a'b'  results,  instead  of  the  vertical  line  ab  of  the 
ideal  process.  Combustion  is  seldom  complete,  even  when  the 
highest  pressure  is  reached,  hence  heat  is  still  being  added  when 
expansion  starts. 

(g)  The  pressure  does  not  rise  as  high  as  the  ideal  value  b, 
presumably  because  (i)  the  initial  pressure  a'  is  less  than  the 
ideal  at  a;  (2)  the  movement  of  the  piston  increases  the  volume 
during  combustion;  (3)  the  average  specific  heat  of  the  mixture 
is  different  from  that  assumed  for  air  and  increases  as  the  tem- 
perature rises;  (4)  the  surrounding  metallic  walls  absorb  s^ome 
of  the  heat  generated;  (5)  the  chemical  reactions  accompanying 
combustion  may  result  in  products  occupying  less  volume  than 
the  original  mixture;  (6)  there  may  be  a  certain  amount  of  dis- 
sociation at  the  higher  temperatures;  and  (7)  there  may  be 
leakage  past  the  piston  and  through  the  valves. 

(h)  The  expansion  line  is  at  first  generally  above  an  ideal 
adiabatic  curve  b'l  because  of  "  after  burning/*  or  the  continu- 
ation of  combustion,  which  usually  adds  heat  in  excess  of  that 
absorbed  by  the  metal  walls  and  that  converted  into  external 
work.  Later,  as  the  motion  of  the  piston  continues,  the  relatively 
cooler  cylinder  walls  are  uncovered  and  they  rapidly  absorb  heat 
from  the  gas,  causing  the  expansion  line  to  drop  below  the  adia- 
batic. 
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(i)  During  part  of  the  compression,  and  all  of  the  combustioo 
and  expansion,  heat  is  absorbed  by  the  inclosing  metallic  walls^ 
from  which  part  of  it  is  carried  away  by  the  water  or  air  jacket. 
This  is  a  direct  loss,  but  it  is  necessary  in  order  to  prevent  over- 
heating the  metal. 

(j)  During  the  suction  stroke  the  incoming  gas  receives  heat 
from  the  confining  walls  and  from  the  exhaust  gas  still  remain- 
ing in  the  clearance  space,  until  at  the  end  of  the  stroke  the  gas 
and  inner  surface  of  the  walls  are  probably  at  nearly  the  same 
temperature .  Because  of  the  expansion  of  the  gas  due  to  this 
temperature  (which  is  often  from  700°  to  900°  Fahr.),  and  because 
of  the  reduction  of  pressure  below  atmospheric  during  the  suc- 
tion stroke,  the  weight  of  fresh  mixture  drawn  in  is  reduced^  and 
hence  less  than  the  theoretical  work  per  cyde  is  done  in  a  given 
cylinder. 

200.  Losses  in  the  Four-Stroke-Cycle  Engine,  (a)  A  com- 
plete analysis  of  all  the  losses  in  the  cylinder  of  an  internal-com- 
bustion engine  would  be  very  complicated,  and  is  as  yet  unsat- 
isfactory because  of  the  lack  of  experimental  data.  For  the 
purposes  of  this  book,  it  will  serve  to  indicate  the  principal 
sources  of  loss  and  to  treat  them  qualitatively  rather  than  quanti- 
tatively. 

(b)  The  Otto  cycle  efficiency  is  from  Eq.  (81) 

It  is  seen  to  be  dependent  only  on  the  compression  ratio  (  V«'/  V^), 
which  the  designer  can  control,  subject  to  practical  considera- 
tions, by  the  selection  of  proper  clearance  volume,  Vo'.  Thus 
theoretically,  nothing  is  lost  by  the  low  pressure  or  high  tem- 
perature at  g, 

(c)  Section  199  (j),  however,  showed  that  the  actual  weight 
of  fresh  charge  drawn  into  the  cylinder  during  the  suction  stroke 
is  always  less  than  the  theoretical,  and  this  of  course  reduces  the 
power  developed. 

Let  V^'  be  the  volume  corresponding  to  the  actual  weight  of 
gas  drawn  in,  and  F«  be  that  equivalent  to  the  piston  displace- 
ment  per  stroke,  both  volumes  being  measured  at  atmospheric 

pressure  and  temperature.     Then  the  rati9  (*7^)  ia  called  diet 
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Humetric  efficienc?.  In  practice  its  value  may  reach  90  per 
nt  in  well-designed  slow-speed  engines,  or  it  may  be  reduced 
r  high  speed  or  incorrect  design  to  50  per  cent  or  less.  Evi- 
mtly.  in  a  given  engine  the  amount  of  heat  liberated  per 
rfe  depends  on  the  volumetric  efficiency,  and  hf'nce  for  definite 
►wer  output  a  lower  volumetric  efficiency  makes  necessary  larger 
Under  and  greater  cost  of  engine  unless  operated  so  as  to  give 
>re  c>'cles  per  minute. 

(d)  The  etfect  of  the  falling  of  the  real  compressioa  tine 
slow  the  adiabatic,  upon  the  performance  and  efficiency  of  the 

pne,  is  difficult  to  state  in  any  general  way.  Since  the  line 
•  between  the  isothermal  and  adiabatic,  the  work  done  is 
ightly  less  than  that  which  corresponds  to  an  adiabatic  process, 
■d  this  compensates  more  or  less  fully  for  the  loss  of  heal  which 
lakes  this  line  fall  below  the  adiabatic,  and  for  the  correspond- 
ig  lowering  of  the  efficiency, 

(e)  The  combustion  line  a'b'  represents  the  most  complicated 
rocess  in  the  cycle  and  is  the  most  difficult  to  investigate,  as 
he  phenomena  take  place  with  comparative  rapidity  and  vary 
ith  the  character  of  the  mixture,  the  method  of  ignition,  the 

face  form  of  the  combustion  space,  etc.  The  real  loss  during 
s  process  cannot  be  accurately  measured  by  comparison  with 
he  ideal  air  diagram,  but  could  be  determined  by  comparison 
th  a  card  drawn  for  the  working  substance  actually  used  in 
e  real  engine,  considering  specific  heats  variable  and  accounting 
r  any  other  theoretical  modifying  conditions.  As  this  would 
lean  a  different  standard  for  every  fuel,  and  for  every  different 
lixture  of  fuel  and  air,  the  "  air  standard  "  is  retained  for 
nplicity. 

In  considering  the  sloping  combustion  line  a'b',  it  is  again  a 
ise  of  balancing  gains  and  losses.  The  piston  movement 
duces  the  maximum  pressure  and  temperature,  thus  decreasing 
le  heat  lost  to  the  cylinder  walls,  but  ihis  is  offset  more  or  less 
■npletely  by  the  larger  surfaces  exposed  while  the  temperature 
high.  The  slope  which  will  give  the  highest  efficiency  cannot 
s  predicted,  but  usually  an  inclination  which  will  bring  the  top 
I  thecombusrion  line  at  about  2  per  cent  of  the  stroke  seems  to 
^  the  best  results.  The  loss  of  area  between  the  real  and 
iecv^tical  combustion  lines  is  partly  compensated  by  the  broad- 
;  of  the  top  of  the  diagram.     This  change  in  form  of  the 
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diagram  improves  the  mechanical  operation  of  the  engine  be» 
cause  the  pressure  changes  are  less  sudden  and  less  intense. 

(f)  The  expansion  line  b'c'  generally  incloses  slightly  more 
area  than  the  adiabatic  b'l  (Fig.  275),  unless  the  engine  is  of 
such  proportions  as  to  expose  excessive  wall  area. 

By  opening  the  exhaust  valve  at  ^,  as  in  Fig.  276  (a),  less  area 
of  diagram  is  usually  lost  than  if  the  opening  is  at  the  end  of 


Fig.  276. 

the  stroke,  as  in  Fig.  276  {b) ;  and  as  less  hot  gas  remains  in  the 
cylinder  the  tendency  to  overheat  the  metal  -walls  is  reduced. 

The  actual  heat  interchanges  during  exhaust  are  problem- 
atical. The  enormous  rush  of  gas  through  the  exhaust  valve 
consumes  heat  which  is  lost  to  the  atmosphere,  but  th«^  is  a 
corresponding  gain  due  to  increased  volumetric  efficiency  result- 
ing from  contact  of  the  new  charge  with  cocder  walls. 

Quite  remarkable  success  has  been  achieved  by  engines  in 
which  cold  air  is  blown  through  the  cylinder  during  part  of  the 
exhaust  period.  This  operation  cools  the  walls  and  tends  to 
remove  the  burnt  gases  from  the  clearance  space,  and  hence  the 
charge  drawn  in  is  cooler  and  purer  than  in  the  ordinary  tjrpe  of 
engine.  Such  engines  are  known  as  *' scavengings^  or  ** positive 
scavenging  "  engines. 

201.  Requirements    for    High    Efficiency    of    Combustion. 

(a)  There  are  two  antagonistic  requirements  for  high  efficiency 
of  combustion:  (i)  The  final  compression  pressure  and  temper-- 
ature  (at  a',  Fig.  275)  must  be  high,  since  this  not  only  gives  high 
efficiency  theoretically  (see  Eq.  (80)),  but  also  because  experience 
shows  that  the  charge  is  often  more  readily  ignited  and  burned 
from  high  pressure.  The  limit  is  reached  when  the  pressure  is 
so  high  as  to  cause  *'  preignition,''  that  is,  spontaneous  ignition 
of  the  mixture  during  compression.  With  other  things  equal, 
the  greater  the  pressure  and  temperature  at  the  end  of  compres- 
sion, the  higher  will  be  the  final  temperature  at  6'.  (2)  The 
maximum  temperature  attained  (at  the  point  V)  should  be  as  low 
as  possible,  because  the  specific  heats  and  loss  of  heat  to  metallic 
walls  increase  rapidly  at  high  temperatures. 
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(b)  These  two  requirements  for  high  actual  efficiency  can  be 
armonized  in  practice  by  using  a  mixture  with  large  excess  of 
r-  This  may  be  highly  compressed  without  danger  of  preigni- 
Dti;  it  burns  rapidly  enough  at  high  pressures  for  satisfactory 
rnibustion;  and,  because  of  the  excess  of  air  present,  the  final 
imperalure  attained  is  comparatively  low. 

Unfortunately,  however,  the  mixture  which  gives  highest 
rtual  efficiency  "on  the  brake"  does  not  give  maximum 
assible  power  from  a  cylinder  of  given  size  operating  at  given 
)eed;  thus  there  is  a  tendency  to  operate  engines  with  mixtures 

richer  "  in  combustible  than  those  giving  the  highest  efhciency. 

203.  Indicated  Work  and  Power  of  the  Four-Stroke-Cycle 
ngine.  (a)  In  the  diagram  shown  in  Fig.  277.  with  the  "  lower 
(op  "  /ghej  considerably  exaggerated,  f, 

le  arrows  indicate  the  directions  in 
tiich  the  various  lines  are  traced. 

(b)  If  areas  on  a  PV-diagram  sur- 
)unded  by  lines  generated  in  one  di- 
Ktion  (here clockwise)  represent  work 
one  upon  the  piston,  or  positive  work, 
len  areas  inclosed  by  lines  of  reverse 
Ireclion  (here  counter-clockwise)  indicate  work  done  by  the 
iston  upon  the  working  substance,  or  negative  work. 

Thus  the  work  represented  by  the  upper  area  or  "  loop," 
abcdea,  is  positive;  the  work  corresponding  to  the  "  lower  loop," 
fgfief.  is  negative;  and  the  net  useful  work  on  the  piston  would 
be  represented  by  the  difference  between  these  areas. 

(c)  The  exact  interpretation  of  "indicated  power"  in  the 
case  of  a  four-stroke-cycle  gas  engine  is  stil!  unsettled.  All 
things  considered,  it  seems  best  to  calculate  i.h.p.  from  the  upper 
loop  alone.  Then  the  difiference  between  the  i.h.p.  and  the  d.h.p. 
is  the  work  lost  in  overcoming  both  the  fiuid  friction  and  the 
friction  of  the  mechanism. 

The  fluid-friction  loss  is  measured  by  the  area  of  the  lower 
loop;  it  would  equal  zero  with  frictionless  flow.  The  engine-friction 
loss  is  iJie  difference  between  the  total  friction  loss  and  that  due 
to  fluid  friction ;  it  would  eijual  zero  with  a  frictionless  mechanism. 
d.h.p. 


Fig.: 


(d)  The  mechanical  efficiency  is  the  ratio 


i.h.p. 


As  applied 


10  gas  engines,  it  includes  both  kinds  of  friction  loss  when  the 
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i.h.p.  is  computed  acxx)rding  to  the  method  just  given.  It  is 
advisable  to  adhere  to  this  method  because  of  the  difficulty  of 
obtaining  the  correct  area  of  the  lower  loop. 

203.  The  Two-Stroke-Cyde  Otto  Engine,  (a)  Comparison 
of  single-cylinder  single-acting  Otto  engines  of  the  four-stroke- 
cycle  and  the  two-stroke-cycle  types  shows  that  in  the  former 
there  is  one  power  stroke  out  of  four,  while  in  the  latter  there  is 
one  power  stroke  out  of  two.  Hence  with  the  same  rotative 
speed  and  cylinder  dimensions  the  two-stroke-cycle  engine  theo- 
retically should  give  twice  the  power  of  the  four-stroke-cycle 
engine,  and  should  require  much  less  flywheel  weight  to  main- 
tain the  same  degree  of  uniformity  in  rotative  speed. 

Moreover,  in  the  four-stroke-cycle  engine  the  mechanism,  which 
is  designed  for  very  high  pressures,  is  used  half  the  time  for  pump- 
ing gas  at  low  pressure  (while  forming  the  lower  loop  of  the 
diagram).  And  to  make  matters  still  worse,  the  density  of  the 
mixture,  and  therefore  the  weight  of  gas  drawn  in  per  cyde,  is 
reduced  by  heat  received  from  the  hot  cylinder  walls,  and  this 
increases  the  cylinder  size  for  a  given  f)ower  output.  In  the 
two-stroke-cycle  engine,  on  the  other  hand,  a  separate,  specially 
designed  pump,  with  cool  walls,  may  be  used  more  effectively 
for  this  service. 

(b)  The  two-stroke-cycle  engine  is  represented  diagrammatic- 
ally  in  Fig.  278.     The  pump  cylinder  has  an  inlet  valve  A,  and 


Fig.  278. 
a  discharge  valve  /,  which  latter  also  serves  as  an  inlet  valve 
to  the  power  cylinder.     This  cylinder  has  a  ring  of  ports,  jE,  cut 
through  the  walls  at  such  a  point  that  the  piston,  by  uncovering 
them  near  the  end  of  its  stroke,  acts  as  an  exhaust  valve. 
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(c)  Now  imagine  the  ideal  cycle  performed  without  mechani- 
or  thermal  loss  as   follows:    Consider  the  power  cylinder 

lied  with  mixture  at  atmospheric  pressure,  the  power  piston 
ring  the  exhaust  ports  E.  The  first  stroke  is  to  the  left, 
Ibusing  compression  of  the  charge  according  to  the  line  d'a  in 
.  279  (a).  Combustion  produi 
■  ab.  Expansion  during  the  second 
troke  occurs  according  to  the  line  be: 
nd  when  the  piston  passes  the  ports,  E, 
xhaust  occurs  according  to  the  line  cd. 
Iius  nearly  completing  the  cycle  in  the 
r  cylinder.  Meanwhile  the  pump 
riston  has  moved  down  and  drawn  in 
■om  the  reservoir  a  charge  of  mixture 

uDicient  to  fill  the  power  cylinder,  the  theoretical  process  being 
epresented  by  e/in  Fig.  279  (6).  The  valve  A  is  then  closed, 
d  after  the  pressure  in  the  power  cylinder  has  dropped  to 
mospheric  at  d  in  Fig.  279  (a),  the  valve  /  is  opened  and  the 
Ump  piston  is  quickly  raised,  driving  the  mixture  into  the  power 
blinder,  according  to  the  theoretical  line  fe.  While  this  is  occur- 
ng  the  power  piston  moves  from  d  to  d'. 

In  the  ideal  case  the  charge  entering  the  power  cylinder  will 
rive  the  remaining  exhaust  gases  out  through  the  ports  as  it 
oves  down  the  length  of  the  cylinder  in  a  solid  column,  and 
Tive  at  the  exhaust  ports  just  as  the  returning  power  piston 
jvers  them.  The  power  cylinder  is  thus  charged  with  a  com- 
uslible  mixture,  with  volume  as  shown  at  d',  at  atmospheric 

,  and  with  the  conditions  assumed  at  starting. 

The  theoretical  pumping  work,  represented  by  the  area  under 

'■  minus  the  area  under  /e,  is  zero,  as  in  the  case  of  the  ideal 

■  four-sslroke  cycle.      In   the  power  cylinder  the  Otto  cycle  is 

followed  except  at  the  end  cdd',  which  is  modified  for  practical 

reasons. 

(d)  The  differences  between    the  actual-work  diagram  and 
;  ideal  Otto  cycle  are  quite  similar  to  thi>se  occurring  in  the 

hoiir-stroke-cycle  engine,  and  arise  largely  from  the  same  causes. 

The  pump  does  not  actually  operate  in  the  ideal  manner.     It 

I  usually  driven  from  a  crank  on  the  engine  shaft,  and  in  con- 

iquence  the  gas  must  be  pumped  to  some  intermediate  reservoir, 

^here  it  must  be  maintained  at  a  pressure  of  from  0.5  to  7  pounds 
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tAv-e  atmospbrric  io  onler  to  fiD  tlic  pomr  cirfiiider  in  tte 
aort  time  avaBable  after  the  inlet  valve  opena.  Eoeziy  b  aot 
nly  Io6t  ID  wereomiiig  the  pump  frictxMi  and  rcastaooe  to  flow, 
lUt  U  also  expended  in  cooipresai^  me  mxtmc  ■■  tnc  f"^' 
ylinder.  The  work  done  on  the  gas  is  shown  by  the  area  of 
he  actual  pump  card.  / 

Becau^  of  its  great  ^"doat)'.  the  entering  <Jftai|pe  geneuiBy 
nixes  more  or  less  with  the  burnt  gases,  and  soene  portiao  nni- 
Jlv  escapes  thitMi^  the  exhaust  ports  before  they  aie  cxwend. 

.V though  tbeoretically  the  two-scroke-cycie  yfginr  mcrid 
le\-elop  price  the  power  p\-vn  b>-  a  four-stroke-cyde  engine  of 
he  same  size  and  r.p.m..  the  actual  ratio  is  nsoaUy  buax  i^  to 
[  6,  owing  10  the  losses  due  to  the  method  of  opetatioo. 


Rg.  tSo. 


ic,  In  some  two-stroke<>^e  engines  the  power  c>-finder  is 
fir  I  cavenged  by  admitting  air  under  pressure  ahead  of  the 
mi^xtJrc  sr.  that  none  of  the  fresh  charge  escapes  with  the  ex- 
i,.  ^t  The  saving  thus  effected  is,  ho»-e\-er.  offset  more  or  less 
moleiely  by  the  necessity  of  using  two  pumps  instead  of  one, 
Sih  increased  complexity  and  greater  expenditure  of  energy 
in  pumping.  One  engine  of  this  type  is  shown  s^niKKagmm- 
™-,  ical  V  in  Fig.  280  and  is  known  as  the  Kotrttng  deagn. 

In  s.,rne   single-acting  engines  operating  on  the  tw<«tn>ke 
cycle    the  mixture  is  first   admitted  to  the  ciank  caae.  aa  m 
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lig.  281  (a),  where  it  is  compressed  by  the  under  side  of  the  piston 
ting  as  a  pump  during  the  down  stroke.  The  opening  of 
irate  inlet  and  exhaust  valves 
t  replaced  by  the  uncovering  of 
lie  inlet  and  exhaust  ports  hy  the 
gistan  when  near  the  end  of  its 
"oke,  as  shown  in  Fig.  281  (6) 
|he  fresh  charge  entering  througli 
S  inlet  port  is  so  baffled  as  tc 

a  driving  the  burnt  gases  'j^  \  L_J 
1  the  exhaust  port. 

204.     The     Diesel      Engine.  Kig.  jSi. 

.)  Engines  commercially  known 
this  name  operate  approximately  on  the  cycle  discussed  in 
ion,  58,  and  shown  in  Fig.  29.  The  real  cycle  may  be  corn- 
ed in  cither  two  or  in  four  strokes, 
fb)  The  mechanical  operations  within  the  power  cylinder  of 
the  real  engines  are  very  similar  to  those  of  the  Otto  engine. 
With  four-stroke  operation  the  suction  stroke  charges  the  cylinder 
with  air,  wliich  on  the  return  stroke  is  compressed  into  a  clear- 
ance volume  so  small  that  the  terminal 
pressure  is  very  high,  equal  to  400  to 
500,  or  more,  pounds  per  square  inch, 
with  correspondingly  high  temperature. 
Just  before,  or  when,  the  piston  reaches 
the  end  of  the  compression  stroke,  a 
small  quantity  of  finely  atomized  liquid 
fuel  is  blown  into  the  clearance  space 
by  means  of  air  at  very  high  pressure. 
The  fuel  immediately  ignites,  due  to 
high  temperature  of  the  air  that  was  compressed  in  the 
irance  space  by  the  engine  piston.  The  combustion  which 
lies  continues  a  little  longer  than  the  period  of  injection.  As 
moving  piston  increases  the  volume  a  little  faster  than  the 
tends  to  a\pand  under  the  action  of  the  heat  developed,  and 
heal  is  lost  in  the  cylinder  walls,  the  upper  line  of  the 
slopes  slightly,  as  in  Fig.  282.  In  this  figure  the  ideal  and 
diagrams  are  shown  superimposed,  with  the  lower  loop 
taggerated. 


Fig.; 
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(c)  Within  the  past  few  years  several  designs  of  two-stroke- 
-cycle  engines  operating  on  this  cycle  have  been  made,  and  scxne 
of  these  give  considerable  promise  of  success. 

205.  Modifications  to  Suit  Different  Fnebi.  Theoretically, 
the  internal  combustion  engines  just  discussed  can  use  any  fud 
that  can  be  introduced  as  gas  or  vapor  (or  even  as  finely  divided 
solid)  in  a  combustible  mixture.  In  practice  the  fuels  used  are 
the  combustible  commercial  gases,  petroleum  products,  the  by- 
product tars  from  gas  works  and  such,  and  alcohol.  It  is  gen- 
erally necessary  to  make  the  design  of  some  parts  of  the  engines 
and  auxiliaries  special  for  each  different  fuel,  and  as  a  result 
commercial  engines  are  often  named  after  the  fud  used;  thus, 
there  are  *'  producer-gas  engines,*'  "  gasoline  engines/'  "  kerosene 
engines,"  etc.  The  chief  differences  between  types  are  given  in 
the  following  sections. 

206.  Compression  and  Maximum  Pressures,  (a)  In  prac- 
tice one  of  the  most  important  considerations  is  the  final  com- 
pression pressure.  In  theory  the  thermal  efficiency  will  indrease 
with  the  final  compression  pressure,  and  within  limits  this  is 
true  in  the  real  engines  (see  Section  219). 

It  is  found,  however,  that  compression  above  certain  limiting 
pressures  causes  spontaneous  ignition^  or  preignilion,  which  tends 
to  stop  the  engine. 

With  some  fuels  the  spontaneous-ignition  temperature  and 
pressure  are  so  high  that  the  compression  limit  is  not  set  by 
preignition,  but  by  commercial  considerations.  Thus,  with  very 
high  compression  the  *'  up-keep  "  may  exceed  the  gain  due  to 
increased  thermal  efficiency.  For  example,  engines  using  blast- 
furnace gas  usually  compress  only  to  about  175  pounds  gauge, 
or  even  less,  although  the  preignition  pressure  is  much  higher, 
and  the  thermal  efficiency  of  engines  compressing  to  200  pounds 
has  been  shown  to  be  better. 

(b)  The  usual  compression  pressures  (terminal)  in  the  differ- 
ent types  of  engines  as  now  designed  are  given  in  Table  XL 
This  shows  that  the  lowest  compression  pressures  are  used  with 
the  fuels  high  in  hydrocarbons,  while  high  pressures  are  used 
with  fuels  low  in  these  constituents. 

High  compression  increases  the  thermal  efficiency,  not  only 
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because  it  improves  the  theoretical  cycle,  but  also  because  it  aids 
ignition  and  makes  combustion  more  rapid.  This  is  particularly 
true  with  the  weaker  fuels,  like  blast-furnace  gas. 

TABLE  XL  — COMMON  COMPRESSION   PRESSURES. 


Pud. 

Comp.  Press. 

Lbs.  above 

Atmos. 

1 

1 

Fuel. 

Comp.  Press. 

Lbs.  above 

Atmos. 

Kerosene 

SO  to     75 

60  to    75 

70  to    90 

ICO  to  125 

Producer  eas 

120  to  150 
140  to  17s 
140  to  180 

Gasoline 

Blast-furnace  gas 

Alcohol 

Illuminating  gas 

Natural  gas 

(c)  In  theory,  with  other  things  equal,  the  greater  the  calorific 
value  of  a  charge  and  the  higher  the  temperature  before  igni- 
tion, the  higher  will  be  the  maximum  temperature  and  pressure 
attained  by  the  combustion.  In  practice  this  is  modified  by 
the  considerations  brought  out  in  preceding  sections  of  this 
chapter. 

In  general,  engines  in  which  the  maximum  pressure  is  high 
because  of  rich  mixtures  and  high  compression  must  be  stronger 
and  heavier  than  those  using  ''weak**  mixtures  and  low  com- 
pressions. 


CHAPTER   XXV. 

INTERNAL-COlfBUSTIOir  SHODIBS  (emit). 

Mechanical  Features. 

207.  Cylinder  Arrangement  (a)  In  the  theoretical  disou- 
sion  of  preceding  chapters,  only  singie-cylinderv  sangie-actuig 
engines  were  considered.  In  practice  there  are  three  principal 
reasons  for  making  "  multi-cylinder  units "  and  for  making 
**  double-acting  engines.'*     These  are: 

(i)  The  turning  effort  at  the  shaft  of  an  internal-combustion 
engine  with  one  single-acting  c>'linder  is  very  uneven.  Thu 
can  be  partly  counteracted  by  the  use  of  a  very  heavy  flywheel, 
but  this  is  objectionable  for  several  reasons.  As  a  result,  both 
multi-cylinder  and  double-acting  constructions  are  used  to  give 
overlapping  cycles  and  therefore  more  even  turning  efforts. 

(2)  The  power  which  can  be  obtained  from  a  given  cylinder 
depends  upon  the  quantity  of  heat  which  can  be  liberated  in 
that  cylinder  by  combustion.  This,  in  turn,  depends  upon  the 
volume  of  mixture  which  can  be  contained  in  the  cylinder,  and 
hence  upon  the  cylinder  dimensions.  Experience  has  shown 
that  a  cylinder  diameter  of  from  42  to  45  inches  is  aboutas  large 
as  is  commercially  advisable  with  present  methods  of  construc- 
tion and  with  the  materials  now  in  use.  As  the  length  of  the 
cylinder  cannot  l)e  increased  without  limit,  it  results  that  the 
maximum  power  that  can  be  obtained  per  cylinder  is  limited. 

A  single-acting  cylinder  can  be  constructed  to  develop  from 
500  t<3  700  horse  power,  and  when  larger  powers  are  required  per 
unit,  double-acting  or  multi-cylinder  constructions  must  be  u^. 

(3)  Because  of  the  high  pressure  generated  in  gas-engine 
cylinders,  the  forces  transmitted  by  the  moving  parts  of  the 
engine  are  very  large,  and  these  parts  must  be  made  correspond- 
ingly large.  With  the  single-cylinder  construction,  the  unbal' 
anced  forces  are  of  great  magnitude.  These  can  be  decreased 
by  a  proper  arrangement  of  several  cylinders. 

420 
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(b)  The  attainment  o(  a  more  even  turning  effort  than  is 
possible  with  a  single  cylinder  is  of  such  great  importance  that 
jry  few  si ngle-cy Under  engines  are  now  built  in  sizes  above 
3  horse  power,  and  they  are  seldom  used  in  sizes  above  about 
)  to  30  horse  power  excepting  for  work  where  close  regulation 
not  very  important. 

c\n  idea  of  the  handicap  under  which  internal  combustion 
bcjrs  in  this  respect  can  Ix^t  be  obtained  by  a  comparison  with 
I  single-cylinder  double-acting  steam  engine.  To  produce  as 
nany  impulses  in  a  given  time  as  an  engine  of  this  type,  a  single- 
icting  four-stroke-cycle  engine,  running  at  the  samesixred,  would 
e(|uire  four  cylinders;  if  double-acting,  two  cylinders  would  be 
The  two-stroke  cycle  construction  gives  the  same  num- 
npulses  as  does  a  steam  engine  of  the  same  type,  i.e., 
ingle-  or  double-acting. 

The  double-acting,  internal-combustion  engine,  however,  offers 
Dore  difficulties  in  construction  and  operation  than  does  a 
riniilar  steam  engine.  The  piston  and  piston  rod  must  be  water- 
Douled  in  order  to  prevent  overheating,  and  the  maintenance 
if  a  tight  piston-rod  packing  is  more  difficult  with  hot  gases  than 
with  steam. 

208.   Classification,     (a)  Like    steam    engines,    tlie    internal- 

ombusiion  engines  are  classified  in  a  number  of  ways.     The 

winctpiil  designations,  and  a  brief  discussion  of  each,  are  given 

a  the  following  paragraphs.     Such  things  as  center-crank  and 

ide-crank  construction,  and  right-  and  left-hand  arrangement  are 

rnninon  to  all  kinds  of  engines  and  need  not  be  further  considered. 

(b)  Internal-combustion  engines  arc  made  both  vertical  and 

orizonUil.     For  sizes  up  to  about  500  to  700  horse  power  either 

xuutruction  is  used,  each  having  certain  advantages  and  certain 

Ssadvantoges.     Above  700   horse-power   commercial   economy 

enerally  dictates  double-acting  cylinders.     Very  few  vertical 

Igines  have  Ijeeii  built  double-acting,  as  there  is  considerable 

iculty  in  acconimodaiing  the  valves  for  the  lower  cylinder  end 

this  construction,  hence  the  larger  powers  are  nearly  always 

ipplied   by  horizontal   engines.     The  vertical   engine  has   ihe 

Ivanta^e  of  occupying  much  less  floor  space  than  the  hori- 

intal  and  can  be  mounted  on  a  less  massive  foundation.     It 

guierally  operated  at  a  higher  speed,  particularly  in  the  larger 
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sizes,  and  is  usually  built  vttb  an  indosed  aank  case  so  that 
lubrication  can  be  aomewfaat  simplified. 

(c)  The  cylinders  erf  muIti-cyUn- 
der  wrtkal  engines  arc  practically 
always  arranged  side  by  side  and 
as  dose  to  one  another  as  possiUe. 
These  engines  ate  designated  as 
two-cylinder  vertical,  ikree-cyttMler 
'  vertical,  etc.  A  three-cylinder 
\-ertical  engine  is  shown  in  Figs. 
283  and  284.  With  horizontal 
engines,  however,  the  cylinders 
are  often  widdy  separated,  giving 
what   is  called   a   fti>jn   engine. 

It  is  also  very  common  practice  to  place  two  boriztmtal  cy^n- 
ders  with  their  axes  coindding. 
When  so  arranged,  the  ei^ne 
is  called  a  tandem.  A  com- 
bination known  as  a  twin- 
tandem  doubU'^icting  is  shown 
in  Fig.  285. 

(d)  Internal -combustion  en- 
gines are  sometimes  clasdfied 
according  to  the  use  to  which 
they  are  put.  Thus  there  are 
stationary  engines,  stationary 
electric  lighting  engines,  marine 
engines,  automobile  engines, 
etc.  From  this  classification 
has  sprung  another,  an  engine 
of  one  type  being  designated 
by  its  type  name,  even  when 
used  for  a  different  purpose. 
There  are  thus  "  auto-type 
marine  engines  "  and  "  marine- 
type  Btationar>'  engines." 

(e)  Since  certain  modifica- 
tions, or  different  fittings,  are 

necessary  with  different  fuels,  internal-combustion  engines  are 
sometimes  clashed  according  to  the  fuel  which  they  are  intended 
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?.     Thus  there  are  kerosene  engines,  gasoline  engines,  illumi- 
nating-gas engines,  producer-gas  engines,  etc. 

(f)  These  engines  are  also  occasionally  classified  on  the  basis 
of  the  t>-pe  of  governing  used  (see  sec.  212).     Thus  there  are  hit- 
VAnd-miss  engines,  throttling  engines,  etc. 


■«.  J8S- 


2og.  Methods  of  Producing  Combustible  Mixtures,  (a)  With 
eU  initially  gaseous,  a  "  miziiig  valve  "  is  generally  used  to 
mtrol  the  proportions  o(  fuel  and  air,  the  two  gases  being  made 
mix  intimately  either  before  or  during  entrance  to  the  cylinder. 
his  mixing  valve  may  be  incorporated  with  the  inlet  valve  or 
may  be  separate  and  at  some  distance  from  it.  Examples  of 
)th  types  are  given  later. 

(b)  Fuels  initially  liquid  must  either  be  atomized  or  vaporized 
tnd  mixed  with  air  to  support  combustion.  With  the  more 
Volatile  liquid  fuels,  such  as  gasoline  and  alcohol,  the  process 
generally  takes  place  outside  of  the  engine  cylinder  in  a  "  carbu- 
retor"; the  mixture  then  passes  to  the  cylinder  as  in  the  case  of 
initially  gaaeous.  With  the  less  volatile  liquid  fuels,  like 
kerosene  or  crude  oil,  vapwrization  and  mixing  are  more  difficult, 
snd  generally  take  place  within  the  engine  cylinder,  the  fuel 
King  sprayed  in  either  by  pump  or  air  pressure  and  being 
raporized  by  heat  from  hot  walls  or  gas.  Examples  of  such 
devices  are  given  later. 

210.   Carburetors,     (a)  When  an  engine  uses  a  volatile  liquid 

fuel,  like  gasoline  or  alcohol,  it  is  customary  to  mix  the  fuel  vapor 

id  air  outside  of  the  cylinder  in  a  carburetor,  in  which  air, 

lich  may  or  may  not  be  previously  heated,  is  brought  into 
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intimate  contact  with  the  liquid  and  becomes  diaiged  with  the 

vapor. 

(b)  A  great  variety  of  types  of  carburetore  has  been  per- 
fected and  used.  Thus  there  are  bubbling  carburetors^  in  wfaidh 
some  or  all  of  the  air  is  made  to  pass  or  bubUe  throus^  the 
volatile  liquid,-  on  its  way  to  the  engine.  There  are  swfau 
carburetors,  in  which  the  volatMe  liquid  is  spread  over  screens, 
marbles,  or  anything  else  which  will  give  a  large  wetted  surface 
over  which  the  air  may  be  drawn.  Wick  carburetors  have  also 
been  used.  In  these  the  liquid  is  drawn  up  into  wicks  by  capil- 
lary action,  and  the  air  passing  over  the  surface  of  the  wicks 
vaporizes  part  of  the  exposed  liquid. 

(c)  Practically  the  only  type  now  used  in  this  country  is  the 
jet  carburetor.  This  apparatus  is  made  in  many'formst  but  the 
fundamental  principle  of  all  is  the  same.  A  fine  jet  of  gasoline 
is  injected  into  the  air  pipe  and  generally  only  during  the  suction 
stroke.  The  impelling  force  is  usually  either  the  pressure  due  to 
a  slight  head  of  gasoline  or  the  difference  between  suction  pres- 
sure and  atmospheric  pressure,  or  this  difference  augmented  by 
the  suction  effect  of  rapidly  moving  air  upon  a  nozzle  inmiersed 
in  it. 

(d)  One  of  the  most  common  types  of  jet  carburetor,  known  as 
a  carbureting  valve,  is  shown  in  Fig.  286.    The  valve  is  some- 
times the  inlet  valve  of  the 

(?—??=*'  cylinder,  but  more  often  it  is  a 
separate  valve  through  which 
!§•  air  is  admitted  to  the  mixture 
|<S  pipe  leading  to  the  main  inlet 
valve.  A  small  hole  is  drilled 
in  the  seat  of  the  carbureting 
valve  in  such  a  position  that  it 
is  closed  when  the  latter  is 
seated.  When  the  valve  rises 
(automatically)  to  admit  air  to  the  engine,  the  liquid  under  slight 
pressure  issues  from  the  hole  in  a  very  small  stream,  which  mixes 
with  the  air  and  is  partly  or  wholly  vaporized  before  the  mixture 
enters  the  cylinder. 

(e)  Another  form  of  jet  carburetor  is  shown  in  Fig.  287.  The 
liquid  is  maintained  at  such  a  height  that  its  surface  almost 
reaches  the  tip  of  the  spray  or  injection  nozzle  when  quiescent. 


Air 


Fig.  286. 
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Tie  air  passing  around  this  nozzle  on  its  way  to  the  engine  creates 
partial  vacuum  at  the  nozzle,  which  vacuum  augments  the 
iwering  of  the  pressure  caused  by  suction  in  the  engine,  The 
ir  pressure  on  the  surface  of  the  liquid  in  the  small  tank  then 
prces  a  fine  jet  out  of  the  nozzle,  and  this  is  picked  up  by  the 
iTTOunding  air.  The  throat,  or  Venluri  tube,  increases  the 
ilocity  of  the  air  flowing  through  it,  which  materially  assists  in 
icking  up  and  carrying  the  liquid  during  vaporization.  This 
'pe  is  commonly  used  on  stationary  engines,  the  liquid  level 
aing  maintained  by  a  direct-connected  pump  and  overflow  as 
town. 


Fig.  J87. 


(f)  In  Fig.  288  is  shown  a  type  of  float-feed  (arburetor.  Thia 
i  stmilar  in  action  to  that  last  described,  the  principal  difference 
ring  the  float  for  maintaining  tJie  proper  liquid  level.  This 
perates  by  opening  and  closing  the  small  valve  shown  as  the 
quid  level  sinks  and  rises,  the  liquid  being  supplied  to  this 
alve  under  pressure. 

This  type  of  carburetor  is  most  common  on  automobile  and 
larine  engines,  the  central  float,  which  maintains  approximately 
he  correct  level  despite  tijtping  of  the  carburetor,  and  the 
impact  slrufture  both  recommending  it  for  such  purposes. 

(g)  When  an  engine  is  run  at  widely  varying  speeds,  it  is  a  very 
ifficult  matter  lo  adjust  a  carburetor  of  the  typn  last  shown  to 
ive  a  suiuble  mixture  under  all  conditions.  If  the  mixture  is 
Orrect  at  low  speeds,  it  is  apt  to  be  too  rich  at  high  speeds. 

rhis  b  overcome  by  introducing  an  auxiliary  air  valve  between 
be  spray  nozzle  and  the  engine    This  valve,  operating 
natically  or  under  hand  control,  admits  air.  which,  combini 

■rith  the  over-rich  mixture,  forms  one  of  correct  proportions. 


tweeti       ^^H 
auto-       ^^H 

J 
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^niilar  devices  are  sometimes  necessary  with  the  carburetor 
used  on  ei^nes  which  run  at  a  constant  speed,  being  laed  to 
make  the  adjustment  of  the  carburetor  easier  or  more  certain. 

311.  Treatment  of  Heavy  Oils,  (a)  The  use  of  fueb  like 
kerosene,  distillate,  crude  <m1,  and  such,  presents  greater  difficulty 
than  the  utilization  of  gasoline  or  alcohol.  I^rosene  can  be 
handled  more  or  less  satisfactorily  with  carburetms  similar  to 
those  described,  but,  being  less  volatile  than  gasoline,  the  action 


Fig.  S89, 


is  not  so  perfect.  It  is  generally  necessary  to  preheat  the  air 
and  to  jacket  the  mixture  pipe  with  hot  jacket  water,  or  with 
exhaust  gases.  Even  with  these  additions,  it  is  often  found 
difficult  to  operate  satisfactorily,  and  most  carbureting  kerosene 
engine's  are  arranged  to  spray  water  into  the  cylinder  or  to  satu- 
rate the  mixture  with  water  vapor  on  its  way  to  the  cylinder, 
particularly  when  running  under  heavy  loads.  Just  what  the 
action  of  the  water  vapor  may  be  is  still  undetermined,  but  it 
seems  to  give  more  certain,  quieter,  and  cleaner  combustion. 

(b)  Many  kerosene  and  other  oil  engines  operate  on  what 
is  known  as  the  kol-bulb  or  hot-head  principle.  An  engine  of  this 
type  is  shown  in  Fig,  289. 

The  oil  is  injected  into  the  hot  bulb  during  the  suction  or  com- 
oression  strokes  and  is  there  vaporized  by  the  hot  widls.     Air 
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I  compressed  into  the  bulb  during  the  compression  stroke  of  the 
Engine,  and,  when  the  mixture  acquires  the  proper  proportions, 
kontaneous  ignition  takes  place.  The  bulb  is  heated  to  redness 
by  a  blowtorch  before  starting  the  engine,  and  thereafter  is  main- 

aincd  at  the  proper  temperature  by  the  heat  generated  during 
a)m  bust  ion. 

There  is  always  a  certain  amount  of  carbon  or  lampblack 
ieposited  within  the  hot  bulb  by  the  "  cracking  "  of  the  oil 
tioleculcs  during  vaporization,  and  it  is  therefore  necessary  to 
dean  the  bulb  periodically. 

(c)  Practically  the  only  other  distinct  method  of  using  the 
hea\'ier  oil  fuels  in  internal -combustion  engines  is  that  exemplified 
in  the  Diesel  oil  engine  described  in  Section  204.  This  gives  by 
far  the  most  perfect  combustion  with  the  heavier  fuels,  but  is  open 

o  criticism  because  of  the  high  pressures  involved. 

(d)  To  overcome  this  difficulty,  engines  are  now  being  built 
which  may  be  considered  a  compromise  between  the  hot-bulb 
Bnd  the  Diesel  types.     The  pressures  are  lower,  but  the  hot  bulb 

nsures  successful  ignition  and  combustion.  These  engines  are 
proving  highly  economical  in  the  use  o(  fuel,  and  can  be  kept  in 
[Ood  mechanical  condition  with  greater  ease  than  can  the  high- 
lure  Diesel  engine. 

2ia.  Methods  of  GoTeming  Internal-Combustion  Engines. 
(a)  Stationary  engines  are  generally  mechanically  regulated  to 
laintain  approximately  constant  speed  of  rotation.  Automobile 
and  marine  engines  are  commonly  hand -governed,  although  they 
are  sometimes  fitted  with  a  limit  governor  to  prevent  over- 
ipeeding,  or  "  racing." 

(b)  In  order  to  govern  or  r^:ulate  an  engine,  the  i.h.p.  must 
»e  varied  to  suit  the  demand,  as  shown  in  Section  134.  There 
Lfe  three  available  methods  of  doing  this;  (i)  The  amount  of 
mergy  made  available  per  cycle  may  remain  constant,  but  the 
lumber  of  cycles  per  unit  of  time  may  be  changed:  {2)  the  num- 

r  of  c>*cles  may  remain  constant  and  Ihe  amount  of  energy 
nade  available  per  cycle  may  be  varied;  and  (3)  a  combination 
»f  the  two  preceding  may  be  used. 

(c)  In  general,  there  are  four  different  ways  of  applying  these 
nethods.  They  are  called :  (l)  hit-and-miss  governing,  (2)  quan- 
ity  go\'erning,  (3)  quality  governing,  and  (4)  combination  sys- 
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terns.     These  are  each  considered  in  detail  in  the  following 
paragraphs. 

(d)  In  hit-and-miss  governing,  the  number  of  working  cydes 
per  unit  of  time  is  varied  so  as  to  adjust  the  average  Lh.p.  to 
the  demand  for  power.  With  this  system,  some  part  of  the 
mechanism  for  oj>ening  the  inlet  valve  is  under  the  control  of 
the  governor,  so  that  when  a  '*  working  cycle  "  is  to  occur  it  hits 
another  part  and  oj>ens  the  valve,  but  when  the  cycle  is  to  be 
omitted  it  missts  engagement  and  the  valve  remains  closed. 
When  a  miss  occurs,  not  only  does  the  inlet  valve  remain  closed, 
but  the  exhaust  valve  is  usually  held  open,  so  that,  during  the 
strokes  corresponding  to  the  ordinary  cycle,  the  piston  pumps 
exhaust  gas  into  and  out  of  the  exhaust  pipe  without  waste  of 
energy,  except  for  the  slight  friction  and  heat  loss. 

In  some  engines,  when  the  working  cycle  is  to  be  omitted,  a 
fuel  valve,  which  is  separate,  is  held  closed  while  the  inlet  and 
exhaust  valves  act  as  usual ;  thus  the  piston  draws  in  a  charge 
of  pure  air,  which  it  compresses,  expands,  and  exhausts.  This 
method  is  generally  considered  less  satisfactory  than  the  former, 
because  of  the  cooling  effect  on  the  cylinder  walls. 

With  hit-and-miss  governing  all  working  cycles  are  theoreti- 
cally exactly  alike,  and  are  equal  to  the  maximum  for  the 
particular  engine.  As  all  types  of  internal-combustion  engines 
show  greatest  thermal  efficiency  when  developing  normal  cycles 
of  about  maximum  power,  this  method  of  governing  has  the  theo- 
retical advantage  of  giving  high  thermal  efficiencies  at  all  loads. 
The  cycles  actually  produced,  however,  are  not  all  alike,  because 
of  irregular  cooling  and  heating  effects,  the  varying  mixtures 
resulting  from  intermittent  operation,  etc.  The  variations 
become  more  marked  with  increase  of  the  number  of  misses,  and 
the  method  therefore  gives  lower  efficiencies  at  light  loads  than 
would  be  expected.  In  general,  however,  it  is  the  most  economi- 
cal method  of  governing  yet  devised.  As  considerable  intervals 
of  time  may  intervene  between  "working''  cycles,  a  very  heavy 
flywheel  is  needed  on  engines  governed  by  this  method. 

Hit-and-miss  governing  is  very  satisfactory  for  engines  where 
close  speed  regulation  is  not  necessary,  and  is  commonly  used 
on  the  smaller  sizes,  say  up  to  25  or  50  horse  power.  Where 
close  regulation  is  required,  as  for  the  oj>eration  of  altematoiB 
in  parallel,  it  is  practically  never  used. 


(e)  In  quantity  governing,  the  number  of  cycles  and  the  pro- 
portions of  the  mixture  arc  maintained  constant,  but  the  amount 
of  mixture  admitted  per  cycle  is  varied  to  suit  the  power  demand, 
rhis  is  generally  done  in  one  of  two  ways,  —  by  "  cut-oflf  gov- 
erning," or  by  "  throttling  governing." 

In  cut-off  goveniing,  after  the  amount  of  mixture  necessary  to 
produce  the  required  power  has  been  taken  in.  the  inlet  valve 
is  closed,  and  the  charge  expanded  as  the  out  stroke,  or  suction 
stroke,  coniinues.  The  cycle  is  then  complete*!  as  usual,  produc- 
ing under  low  load  a  diagram  Jike  that  of  Fig.  290,  in  which  the 
lower  loop  is  ex^gerated  for  clearness. 
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In  ttirottling  governing,  except  at  the  maximum  load,  the 
idiargc  is  throttled  during  the  entire  suction  stroke  to  reduce 
the  amount  of  mixture  entering  the  cylinder.  This  gives  a  dia- 
pam  like  f-'ig.  291,  in  which  the  lower  loop  is  again  exaggerated, 
In  both  of  these  methods  of  governing,  the  reduction  in  quan- 
tity of  mixture  with  decrease  in  load  is  accompanied  by  a  lower- 
oj  the  compression  curve.  If  not  carried  too  far.  thb  is 
desirable  from  a  mechanical  standpoint,  as  it  tends  to  produce 
;  uniform  turning  effort,  and  reduces  the  necessary  weight 
i(  flywheel. 

Of  the  two  methods  the  cut-off  is  the  better  because  it  gives 
1  smaller  lower  loop  and  less  lost  work.  It  also  has  the  advan- 
tage that  the  governor  action  is  delayed  to  the  latest  possible 
instant  in  the  cycle,  and  hence  each  working  cycle  more  nearly 
inci-ls  the  power  demand. 

(f)  In  quality  governing  the  number  of  cycles  and  quantity  of 
Tnaieriai  per  cycle  arc  maintained  constant,  but  the  proportion 
)f  gas  to  air,  or  quality  of  the  mixture,  is  varied,  so  that  the 
>ower  developed  In  the  cylinder  just  meets  the  power  demand. 

Since  the  same  volume  of  mixture  is  drawn  in  each  cycle  and 
8  compressed  to  the  same  pressure,  the  efficiency  is  theoretically 
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c:x'AT^r.r  at  aS  loads.  Im  pijcxkg,  kovcver.  eadi  fiid  has  an 
^r-^v-^as  raao  thai  si^vs  best  ii  laJu:  tkas  it  foDovs  that  this 
nierhf'x:  of  ne^tEtarxn  gn^s  iii  iiFi— ■■  r<fcinii>  only  at  one 
p&r-:i::Jar  Irjttl  Widi  some  fads  k  b  fuffwliiigly  diflfandt  to 
fjcj-jatr,  aaiMacDsry  ignrrinn  of  dbe  very  **  weak  **  nmctnres  intfo- 

duasd  ax  low  inarf^  and  such 
rnxxmres  also  bum  very  slowly, 
the    mmhtwtioo   coofiniiing  in 

throughout   the 


A  group  of  indicator  diagrams 
pw  y^^  from  a  quahty-govcmed  engine 

is  gi\'en  in  Fig.  292.  The  slow 
lAiTTiing  fA  the  weak  charges  is  shown  by  the  gradual  tilting  of 
tlK  o>fnbu5tioa  line  as  the  load  decreases^ 

The  C4mstani  compression  pressure  has  an  undesirable  effect 
on  the  crank  effort  (see  -ei  of  this  section),  as  the  in.e.p.  of  the 
compression  line  does  not  change  with  the  nL.e.p.  of  the  eiq^ansion 
line, 

g;  Combined  sjsteuia  are  sometimes  used  in  an  effort  to 
r^/tain  the  ad\'antages  of  the  different  methods  previously 
d^r^jnljed  with  as  few  as  possible  of  their  disadvantages.  Thus 
hit-and-miss  governing  may  be  used  at  low  loads  and  quality 
governing  at  the  higher  loads  which  call  for  sufficient  gas  to 
make  a  readily  ignitable  mixture.  Or  quality  go\'eming  may  be 
u.sf.-rl  at  the  higher  loads,  gradually  merging  into  quantity  govern- 
ing as  the  load  decreases. 

All  these  cr>mbinations  tend  to  complicate  the  valve  gear  and 
call  for  more  or  less  sensitive  and  intricate  adjustments.  TTiey 
are,  therefore,  commercially  handicapped,  though  theoretically 
c|4r-»irablc. 

^h)  As  the  form  and  area  of  the  card  may  be  changed  by 
alterinf^  the  time  of  ignition^  this  might  be  used  for  governing. 
It  is  actually  used  for  that  purpose  to  a  certain  extent  in  marine 
anfl  auto  engines.  Since  there  is  some  best  time  of  ignition  for 
i'iich  mixture  in  each  engine  running  at  each  speed,  it  is  generally 
U-tt<T  to  change  the  time  of  ignition  to  suit  the  conditions 
hroiij^ht  alxiut  by  governing  rather  than  govern  by  changing  the 
time  of  ignition. 

In  some  combination  systems  an  ignition  timing  device  under 
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.control  of  the  governor  has  been  incorporated,  but  it  has  gener- 
ally been  found  more  satisfactory  to  trust  to  hand  timing. 

3.  Gss  Valves,  Mixing  Valves,  etc.  («)  When  gas  is  sup- 
plied an  engine  under  pressure,  as  is  generally  the  case  in  all 
Bccept  "suction  gas-producer  "  plants  (see  Fig.  5),  a  gas  valve  of 
lome  sort  is  necessary  to  shut  off  the  gas  supply  during  all  but 
the  suction  stroke  of  Uie  engine. 

(b)  Tliis  valve  may  be  combined  with  the  inlet  valve  of  the 
Sngine,  giving  the  arrangement  shown  diagrammatically  in 
Pig-  393.  The  air  and  gas  cocks  shown  are  used  for  proportion- 
ing the  mixture  by  hand,  and  the  gas  cock  is  also  used  as  a 
permanent  shut-off  valve.  Such  an  arrangement  can  be  used 
with  hit-and-miss  or  with  quantity  governing,  but  is  obviously 
bnsuited  for  quality  governing  because  of  the  hand  regulation 
ff  the  proportions. 


(c)  The  gas  valve  is  more  commonly  a  separate  valve,  although 
it  may  be  carried  loosely  on  the  same  stem  as  the  inlet  valve, 

I  in  Fig.  294.  When  thus  made  separate  from  the  inlet  valve, 
an  be  put  under  governor  control,  so  that  any  kind  of  govern- 
ing can  be  adopted,  at  the  option  of  the  designer.  In  all  cases 
it  is  common  practice  to  supply  gas  and  air  cocks  or  their  equiva- 
lent BO  that  the  proptjrtions  of  the  mixture  can  be  roughly  regu- 
lated by  hand  and  so  that  the  gas  can  be  permanently  shut  off 
from  the  engine. 

(d)  The  terms  mixing  valve  and  proportioning  vahie  are  used 
zuther  loosely  to  designate  anything  which  has  to  do  with  the 
nixing  of  air  with  gas  already  measured  out.  or  with  the  measur- 
ing and  mixing  of  the  constituents  of  the  charge.     In  the  strictest 
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sense  a  proportioning  valve,  and  to  a  certain  extent  a  mixing 
valve,  precedes  the  inlet  valve,  measures  the  combustible  part 
of  the  charge,  and  mixes  it  with  the  air.  A  gas  valve  under 
governor  control,  combined  with  surfaces,  or  passages,  which  will 
mix  the  gas  with  the  air  before  or  during  passage  through  the 
inlet  port,  is  properly  a  mixing  or  proportioning  valve.  One 
example  of  this  sort  of  arrangement  is  shown  in  Fig.  294. 

The  small  gas  valve  a  is  guided  by  the  sleeve  sliding  on  the  stem 
of  the  inlet  valve  b.  It  is  operated  by  separate  linkage  under 
governor  control,  so  that  the  time,  or  extent,  of  its  opening  can 
be  varied  to  suit  the  load.  In  operation,  the  inlet  valve  opens 
first,  allowing  fresh  air  to  enter  the  cylinder  and  blow  away  hot 
burned  gases.  The  gas  valve  a  then  opens,  admitting  gas, 
which,  traveling  downward,  is  thoroughly  mixed  with  the  air 
as  it  issues  from  the  small  holes  shown.  The  vaive  a  closes 
before  the  inlet  valve  b,  so  that  the  mixing  chamber  becomes 
filled  with  pure  air  before  being  shut  off  from  the  cylinder. 

Such  a  device  is  commonly  known  as  a  combined  mixing  and 
inlet  valve,  although  the  gas  valve  is  occasionally  designated  as  a 
mixing    valve    or    a    proportioning 
valve. 

(e)  The  elements  of  another  type 
-  f]       of  mixing  valve  are  shown  in  Fig. 
"^(^   295.     Theinner  cylinder  is  supposed 
'  !]■  I F"    ^  "~^  to  be  under  governor  control,  so  that 

'       it  can  be  rotated  more  or  less  as  the 
~'        ^^        '  load  varies,  thus  changing  the  effect- 

ive openings  of  the  gas  and  air  ports 
^  °**'  to  suit  the  demand  for  power.      By 

properly  proport  on  ng  the  gas  and  air  ports,  their  areas  may  be 
made  to  change  at  the  same  rate  under  the  action  of  the  governor, 
thus  giving  throttling  regulation;  or  the  areas  may  be  made  to 
change  differentially,  giving  quality  governing  or  mixed  quality 
and  quantity  regulation. 

(f)  Experience  has  shown  that  proportioning  valves  of  the  type 
shown  in  Fig.  295,  and  others  using  sliding  surfaces,  are  po-- 
fectly  satisfactory  when  used  with  such  fuels  as  natural  gas  and 
illuminating  gas.  Producer  gas  and  blast-furnace  gases,  how- 
ever, carry  impurities  which  quickly  foul  such  sliding  surfaces 
and  impair  the  action  of  the  valve.    For  such  gases,  mixiiig  and 


t 
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'oportioning  valves  made  without  sliding  surfaces,  such  as  that 
lowti  in  Fig.  2q4,  must  be  used.  Even  the  valve  shown  in  this 
igure  might  give  trouble  because  of  deposits  on  the  stem  of  the 
lain  valve,  and  a  design  eliminating  this  possibility  would  prob- 
jly  give  better  results. 

314.  Methods  of  Ignitioii.  (a)  In  the  early  development  of 
gsis  engines  the  charge  was  ignited  by  opening  communication 
at  the  proper  time  l)etween  the  compression  space  of  the  engine 
and  a  small  chamber  containing  an  open  flame.  This  method 
was  complicated  mechanically,  and  had  so  many  objectionable 
features  ihat  it  did  not  survive. 

(b)  The  metliods  at  present  used  are: 

(a)  Hot-tube  ignition; 

(b)  Spontaneous  ignition   by  heat  of  compression  (as- 

sisted, or  not  assisted,  by  the  action  of  a  hot  cliam- 
ber,  such  as  a  vaporizer  or  hot  bulb) ; 

(c)  Electric  ignition. 

215.  Hot-Tube  Ignition,  (a)  A  simple  type  of  hot-tube  igni- 
>n  is  shown  schematically  in  Fig.  296.  The  tube  a,  generally 
nade  of  metal,  is  closed  at  one  end,  while 
ihe  other  end  opens  into  the  cylinder. 
By  moving  the  burner  and  chimney  b. 
Uie  hot  zone,  which  is  at  about  red  heat, 
Can  be  located  anywhere  along  the  tube. 
At  the  end  of  the  exhaust  stroke  the  hot 
tube,  like  ih":^  rest  of  the  clearance  space, 
is  filled  with  burned  gases  at  a  pressure 
slightly  above  atmospheric.  During  the 
suction  stroke  these  gases  are  partly  ex- 
panded, and  during  the  compression 
atroke  they  are  compressed  into  the  lube 
by  the  combustible  mixture  until  the  lat- 
ter finally  reaches  the  hot  zone,  where  it  ^''^'  ^^' 

ignited.      By  moving  the  hot  zone  along  the  tube,  the  time  in 
le  compression  stroke  at  which  the  mixture  is  ignited  can  be 
ied. 

(b)  By  this  method  ignition  is  generally  certain,  but  the  timing 
untrustworthy  because  of  variations  in  the  condition  of  the 


A-  «ri      Ht-r.  re   c-espiie  ii>  5implicit>'  and  lad 
:   :-:-:•:  ^^'.i-  r.  i*  rzoz  now  ver\'  widely  used. 
:_  -.   >.-=-.   _?-ei  ::  cl*jie  the  cylinder  end  of 
•  _r  r  ■*:■"  ■  icT_::.c  ru:  few  have  survived. 

-  '    .  .-.>  i.   r.-s:ir.:  supply  of  gas  lo  the 

-  :    _r>:  J:iiis^  ::  the  fuel  consumption  of  the 


zT.y  er.eines  using  liquid 
15  m^iuoed  bv  the  tern- 
Ir.  the  Diesel  engine 
:hr  resulting  temperature 
es.  like  the  hot-bulb  type 
r.r-ir.ed  action  of  comprfs- 

t-i  ioolicahle  to  the  more 
fuels  because  of  the  diffi- 


.  - 1  ■- 


::"     Z".e-::n:  I^^tirz..      a    "Tne  r-.-.-s:  satisfactory  method  of 

^"  '    "    -'  -:■."■■->   i".   ujc.  i^-iih   few  exceptions, 

-      '■   -       -..■-:- :-:-::--         r    '  J'^'rc^spck  "  ignition. 

--       -  -     ■         :.  —  -  V,  .-.rr.-i.  r.   ■  :^r*;:i':«n  and  "high- 

':     '.  ziikr-izi-breik  i^tion  srstem,  tw...   ■  t\tc:rodes" 

'   ^   '     -      .-■-.:-..    —': -s::."  space  :=j"  TCjh'."  or 
.     .    .-.    -■■...:.-.: -'i  <-.:ier.!y  to  "'rreck"iht 

.--  .^    ■       "     :   ?..        .  -   -:-.r:  >  sh.wr.  in   Fi^.  20'.  the 

■"   :       --.--^T-v:  rr.: -J >::-.r.  space  through 

^^     .-    :  ...    .-.      '■::;'.      ..  .'..j:-     r^y   •.     The  wir- 

-  ^  .  .^-..:"  >  -  .  "■, :  ;-  r  ^  r,^  I::  ".his  figure.  B  represenis 
^  .-.".'jr.'  r  *  .'  .  •--''  .:.-^  ^.:.-. '.i:  r.  v' ^n  '  induction  "  or 
■  :»:::•:.  :~\'  . .  :.  ."■-  :  ■.->  s:.-:.  •...r-  '.!•.-:: r  ■it.  which  is  insulated 
irjrTL  :hc  i^r. ::'.-:  ":  '.  •:!<  .^r.i  •.  r,;:r.v  :r-no.  j^rA  S  a  stud  or  other 
convenitn:  ^J:^v■^  f.i-'.'.r.ir.j;  r.  •;■.•.  tr;::r.o.  The  movable  elec- 
tnxle  is  in  c'.--'«::r:.\i'.  c.r.:^.::  -.v::!-  :hc  i^ir.iter  block  and  engine 
frame,  as  sh  "Ar.  ir:  F":*;.  2  .' 

(c;  The  operation  is  as  ::!1.  w>:  The  cam  c.  Fig.  297.  pushes 
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le  rod  6  toward  the  igniter  and  the  strike  block  d,  engaging  the 
ipper  e  on  lever  /.  moves  the  latter  toward  the  left.  As  / 
loves,  it  draws  g  after  it  by  means  of  the  one-turn  spring  shown. 
g  moves  it  rotates  the  movable  electrode  until  the  arm  j 
ade  of  the  cylinder  is  brought  into  contact  with  the  stationary 


electnxJe  j.  The  circuit  is  then  made  and  current  flows  until 
the  circuit  is  broken  by  the  block  d  traveling  past  the  edge  of  the 
flipper  e.  When  this  occurs,  the  spring  h  pulls  the  arm  J  out  of 
niact  with  i.  and  the  circuit  is  broken.  The  spark  results 
from  the  action  of  the  induction  coil  at  the  instant  of  breaking 
iie  circuit.     The  rapid  change  in  the  number  of  lines  of  force 


Fig.  198. 

through  the  core  causes  sufficient  self-induction  to  generate  an 
IfCtromotive  force  of  such  intensity*  as  to  bridge  the  gap  between 
he  separating  electrodes. 

(d)  The  liming  of  the  spark  is  effected  by  moving  guide  C 
TOSS  the  path  of  the  bar  b  in  Fig,  297.  thus  changing  the  time 

which  block  d  releases  flipper  e. 

(e)  The  type  of  igniter  just  described  is  known  as  a  "  hammer 
tke-and-break  igniter  "  to  distinguish  it  from  another  known 
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as  a  "  wipe-spark  "  or  "  wipe  make-and-break  igniter,"  in  which  a 
movable  electrode  periodically  wipes  or  slides  across  a  station- 
ary electrode.  The  wipe  spark  automatically  cleans  the  contact 
surfaces  within  the  cylinder,  which  is  in  a  way  advantageous, 
but  it  is  not  so  extensively  used  as  the  hammer  type. 

(f)  The  make-and-break  system  has  the  advantages  of  being 
electrically  simple  and  operating  with  low  e.m.f.,  so  that  short 
circuits  are  not  so  apt  to  occur  as  in  the  systems  described  in 
following  sections.  It  is,  hoviever,  complicated  mechanically,  and 
because  of  friction  and  inertia  of  parts  is  not  generally  used  on 
engines  operating  at  speeds  above  500  to  600  r.p.m.  The 
movable  electrode  is  very  apt  to  stick  or  to  work  loose,  causing 
trouble  because  of  no  spark  or  because 
of  loss  of  compression  by  leakage. 

(g)  In  the  jump-spark  system  there 
are  within  the  cylinder  two  fixed  termi- 
nals, with  short  intervening  gap,  across 

which    a   spark   jumps   when   sufficient 

^"^3  difference  of  potential  has  been  devel- 

oped. In  its  simplest  form  the  apparatus 
has  two  circuits,  as  shown  in  Fig.  3991 
with  heavy  lines  representing  the  "low-tension  circuit "  and  the 
light  lines  the  "high-tension  circuit." 


' — WPrnmr — 


Fig.  itjg. 


In  the  figure,  B  is  the  source  of  electromotive  force,  T  is  a 
rotating  "timer,"  C  a  "condenser,"  K  a  "coil,"  and  S  • 
"  spark  plug,"  several  examples  of  which  are  shown  in  Ftg.  3OIX 
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(h)  In  Operation  the  primary  circuit  is  closed  by  the  timer  T 
and  then  suddenly  opened,  with  the  result  that  a  spark  jumps 
iKttw-ecn  the  terminals  of  the  plug.  The  action  of  the  coil  is 
as  follows:  When  the  primary  circuit  is  closed  by  rotation  of 
the  timer,  the  magnetic  field  induces  an  electromotive  force  in 
the  secondary  circuit.  This  is  not  great  enough,  however,  to 
cause  a  spark  to  pass  between  the  plug  terminals.  But  when 
the  primary  circuit  is  quickly  broken,  tlie  sudden  collapse  of  the 
magnetic  field  about  the  core  of  the  coil  induces  for  the  instant 
in  the  secondary  circuit  a  very  high  potential  difference,  which 
may  be  made  sulhcient  to  cause  the  passage  of  a  spark,  with 
resultant  ignition. 

The  function  of  the  condenser,  which  bridges  the  timer  in  the 
primary  circuit,  is  to  prevent  sparking  at  the  contact  points  of 
Ihat  apparatus.  Such  sparking  would  cause  rapid  deterioration 
of  the  contact  surfaces  and  is  therefore  undesirable.     * 

(i)  A  more  common  type  of  jump-spark  apparatus  uses  a 
"  tremhler  coil  "  instead  of  the  plain  induction  coil  shown  in 
Fig.  299.  This  apparatus  is  so  arranged  that  the  trembler  forma 
jpart  of  the  primary  circuit,  and  is  in  such  position  that  it  is  at- 
llracteci  to  the  core  of  the  coil  when  this  is  magnetized,  and  thus 
'breaks  the  primary  circuit.  This  in  turn  demagnetizes  the  core, 
jihence  the  trembler  flies  back  and  makes  the  circuit  once  more; 
lithus  the  core  is  again  magnetized  and  attracts  the  trembler, 
ibrcaks  the  circuit,  and  so  on.  a^  long  as  the  timer  is  in  position 
to  close  the  primary  circuit.  This  intermittent  making  and 
librcaking  of  the  primary  circuit  causes  a  succession  of  sparks 
Sat  ihespark  plug  in  the  secondary  circuit,  which  action  is  generally 
||6Upposed  to  insure  more  certain  ignition.  The  great  advantage 
-achieved  is  really  quick  action  and  accurate  timing,  though 
ithese  are  often  counterbalanced  by  considerable  trouble  witli  the 
trembler  which  may  call  for  almost  constant  adjustment. 

(j)  Both  of  these  high-tension  or  jump-spark  systems  are 
easily  limed  by  shifting  tlie  phase  relation  of  timer,  or  commuta- 
itor,  and  engine  crank,  and  they  are  particularly  satisfactory  for 
high  speed.  Recently  there  has  been  a  tendency  to  adopt  these 
Sfij-stems  for  ordinary  slow-s(x.-ed  stationary  work;  but  as  the 
bpark  does  not  seem  to  have  the  sanio  igniting  power  as  that  of 

Iand-break  system,  most  applications  have  been  limited 
ire  easily  ignitable  fuels  like  natural  and  illuminaling 


1 


438 


BEAT-POWER  ENGINEERING 


gas  and  gasoline.    Few  simple  hig^-tensioa  systems  have  yet 
been  used  with  producer  gas  and  "  btast-fumaoe 


218.  Intemal-Combiistion  Bngiiie  Valve  Gear,  (a)  The  Me 
valve,  so  common  in  steam-engine  practice,  is  never  used  in  its 
simple  form  on  internal-combustion  engines  for  adnuasioa  or 
exhaust.  It  is  sometimes  used  for  mixii^  purposes,  as  was 
indicated  in  Sect.  213.  The  high  temperatures  to  which  inlet 
and  exhaust  valves  are  subjected  make  lubrication  difficult  and 
cause  warping  of  the  valve  and  seat,  and  the  high  pressures  make 
it  difficult  to  keep  the  valve  on  its  seat  to  prevent  leakage.  When 
the  fuel  used  contains  sulphur,  which  is  not  an  uncommon 

occurrence,  the  valve  and  seat  are  often 
quickly  pitted  and  corroded. 

(b)  Some  highly  specialized  slide  valves 
are,  however,  in  use  and  give  good  satis- 
faction. The  control  of  ports  by  the 
piston  of  the  two-stroke-cyde  engine  is 
the  most  common  example.  Recently  a 
number  of  '*  sleeve  motors  "  have  been 
designed  for  use  on  automobiles  and  seem 
to  promise  very  satisfactory  operation. 

One  example  of  this  type  is  sho^m 
semi-diagrammatically  in  Fig.  301.  The 
two  sleeves,  reciprocating  vertically  un- 
der the  action  of  eccentrics  or  cranks  on 
a  side  shaft,  act  in  conjunction  with  the 
\^  ^/  cylinder  head  and  external  cylinder  to 

^"-;- — '"^  control  admission  and  exhaust  by  means 

F»g-  301-  Qf  the  ports  shown.     The  advantages  of 

this  type  are  rapid  opening  and  closing  of  valves,  long  period  of 
approximately  maximum  opening,  and  silent  operation. 

(c)  The  success  of  this  type  of  valve  has  caused  the  appear- 
ance of  a  number  of  different  varieties  of  slide-valve  and  piston- 
valve  auto-engine  designs.  Few  of  these  have  been  tested  to 
any  extent,  and  it  is  therefore  too  early  to  draw  conclusions  as 
to  their  ultimate  success. 

(d)  With  the  exception  of  the  cases  cited  above,  the  poppet 
or  mushroom  valve  is  in  practically  universal  use  for  intenial- 
combustion    engines.     It    maintains    its    correct    shape    under 
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longing  temperatures  more  perfectly  than  other  types;  it  re- 
uircs  a  minimum  of  contact  surface  between  valve  and  seat; 
opens  inward  and  is  therefore  forced  to  its  seat  by  the  high 
ieures  in  such  engines;  it  requires  no  lubrication;  and  it  and 
I  seat  are  easily  kept  comparatively  true  by  grinding, 

(e)  In  moduTi  designs,  inlet  valves  are  practically  never 
ter-cooled,  as  the  ingoing  charge  cools  them  sufficiently  during 
ch  suction  stroke.     Exhaust  valves,  on  the  other  hand,  are 

iTtically  always  water-cooled  when  larger  than  five  inches 
diameter,  and  often  in  smaller  sizes.  This  is  deemed  necessary 
irause  of  the  high  temperature  of  the  exhaust  gases  in  which 
;  valve  is  immersed  during  the  entire  exhaust  period,  but  it 
ould  be  noted  in  this  connection  that  one  European  builder 
obtaining  satisfactory  operation  with  simple  uncooled  cast  iron 
haust  valves  in  the  largest  sizes  of  horizontal  engines. 

(f)  In   some   four-stnike-cycle  engines   the  operating   condi- 
i  of  the  exhaust  valve  have  been  improved  by  the  use  of 

auxiliary  exhaust  ports."  These  are  ports  in  the  cylinder  wall 
Wch  are  uncovered  by  the  piston  when  near  the  end  of  its 
roke.  The  first  discharge  of  exhaust  gases  takes  place  through 
icse  ports,  so  that  a  smaller  quantity  of  cooler  gases  is  handled 

e  exhaust  valve. 

s  construction  necessitates  the  use  of  a  larger  cylinder  for 
given  power  than  is  required  without  the  use  of  auxiliary 
.,  and  it  complicates  the  cylinder  casting.  It  is  practically 
fver  used  on  double-acting  engines  because  of  these  reasons,  and 
cause  of  the  additional  fact  that  it  would  necessitate  the  use 
an  enormously  long  piston,  similar  to  that  shown  in  Fig.  280, 
>us  materially  increasing  the  weight  of  the  reciprocating  parts. 

(g)  Two  types  of  inlet  valve  are  in  use,  —  the  automatic  valve 
1  the  positively  actuated  x'alve.    The  automatic  valve  is  held  to 

I  scat  by  a  weak  spring,  and  is  raised  by  the  difference  between 
mospheric  and  suction  pressures  during  the  suction  stroke. 
le  positively  actuated  valve  is  opened  mechanically  and  gen- 
ally  closed  by  spring  pressure. 
Automatic  valves  are  uncertain  in  their  action,  opening  only 
r  a  considerable  pressure  difference  has  been  created,  and 
1  more  or  less  slowly.  .'Vfter  opening  they  do  not  rem.iin 
ie  open  during  the  remainder  of  the  suction  stroke,  hut 
ibatter "  more  or  less,  thus  materially  decreasing  the  vol 
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metric  efficiency  of  the  engine.  For  these  reasons  they  are 
seldom  used  on  the  better  types  or  on  the  larger  engines. 

Positively  actuated  valves,  on  the  other  hand,  can  be  made 
to  oj>en  at  the  time  desired,  can  be  given  an  amount  of  opening 
approximately  equal  to  that  theoretically  required  at  each  piston 
position,  and  can  be  made  to  close  very  nearly  at  the  right  time. 

(h)  The  valves  of  internal-combustion  engines  are  generally 
operated  by  means  of  cams,  or  eccentrics,  on  a  side  shaft,  or 
auxiliary  shaft,  driven  by  gearing  from  the  crank  shaft.  On 
the  smaller  engines  cams  are  most  often  used,  but  on  the  larger 
engines  the  eccentrics  seem  to  be  preferred,  particularly  in  this 
country.  Closure  practically  always  occurs  by  spring  pressure, 
the  valve  being  released  by  the  opening  mechanism. 

The  cam  can  be  manufactured  more  cheaply  than  the  eccentric, 
and  when  properly  designed  it  is  not  very  noisy  in  operation  and 
wears  slowly.  In  general,  however,  it  is  rather  difficult  to 
obtain  as  perfect  valve  operation  with  cams  as  it  is  with  eccentrics 
unless  linkage  is  introduced,  which  complicates  the  mechanism 
and  increases  the  cost. 


Cam  Shaft 

Fig.  302. 


Fig.  303. 


Fig.  304. 


Cams  may  be  used  to  operate  the  valves  by  direct  contact 
with  the  valve  stem  (Fig.  302) ;  or  by  contact  with  one  end  of  a 
pivoted  lever,  the  other  end  of  which  contacts  with  the  valve 
stem  (Fig.  303) ;  or  through  rolling,  rocking,  or  floating  levers,  one 
arrangement  of  which  is  shown  in  Fig.  304. 

The  eccentric  always  operates  in  conjunction  with  such  leven 
as  are  shown  in  Fig.  304. 
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(i)  The  time  (with  reference  to  crank  and  piston  positions) 
which  valves  open  and  close  varies  widely  with  the  location 
ihe  valve  and  with  the  type  of  engine.  The  exhaust  valve 
iversally  opens  early,  generally  when  the  piston  is  at  about 
)  stroke.  It  may  close  before  the  end  of  the  return  stroke,  or 
dead  center,  or  it  may  remain  open  until  after  the  suction 
Dkc  has  started.  The  object  of  leaving  it  open  after  dead 
Iter  has  been  passed  is  to  take  advantage  of  the  inertia  of  the 
iving  exhaust  gases  and  thus  get  more  perfect  discharge. 
Iiere  the  valves,  manifolds,  and  cylinders  are  so  arranged  that 
is  can  be  done,  it  represents  good  practice.  The  inlet  valve 
r>*  commonly  opejis  after  the  beginning  o(  the  suction  stroke, 
3Ugh  it  is  sometimes  opened  just  before,  or  on  dead  center,  in 
Jer  to  obtain  a  wider  opening  by  the  time  suction  actually 
irts.  It  is  very  generally  closed  after  the  end  of  the  suction 
oke  in  order  to  take  advantage  of  the  inertia  of  the  moving 
lumn  of  gas,  thus  increasing  the  volumetric  efficiency. 
In  general,  the  higher  the  speed  of  an  engine  the  later  may  the 
Ives  close,  and  the  greater  cnay  be  the  overlap  of  exhaust 
cure  and  inlet  opening  if  the  valves  are  widely  sepa- 
ted. 

(j)  Because  of  the  heavy  springs  necessary  to  close  the  valves 
internal -combustion  engines  in  the  short  time  available,  and 
cause  of  the  relatively  great  weight  of  the  valves,  the  parts 
[uating  the  latter  are  generally  very  strong  and  heavy.  This 
particularly  true  of  exhaust-\'alVe  gear.  This  valve  must  be 
encd  against  the  combined  action  of  high-pressure  gas  and  a 
ry  powerful  spring. 

Many  designers  have  attempted  to  reduce  the  size  and  wear 
the  actuating  parts  by  building  balanced  exhaust  valves.  As 
jeneral  rule  these  have  not  sur\'ived,  probably  because  they 
iplify  the  external  gear  by  complication  of  the  inclascd  part 
the  valve  system. 

Because  of  the  great  weight  of  the  valves  and  actuating 
Bchanisms  in  large  engines  and  because  of  the  great  magnitude 
the  forces  transmitted  by  these  mechanisms,  it  is  generally 
■desirable  or  evfen  impossible  to  construct  governors  which 
I  operate  in  any  such  direct  manner  as  is  common  in  tlie 
erage  steam  engine.  Governors  could  not  be  constructed 
nverful    enough   to  operate  directly   unless  made   with   such 
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heavy  parts,  and  to  transmit  such  great  forces,  that  their 
tiveness  would  be  considerably  impaired. 

In  very  large  engines  a  differential  governing  device  is  nt 
commonly  used.     In  such  cases  the  governor  operates  upon 
equivalent  of  a  small  engine  of  some  kind,  which  engine,  in  t 
supplies  such  power  as  is  necessary  for  moving  the  valve 
As  an  example,  the  governor  might  actuate  a  small  pilot  val 
which  by  its  motion  admitted  oil  under  pressure  to  one,  or 
other,  end  of  a  cylinder  fitted  with  a  piston  suitably  linked 
the  inlet-  or  mixing-valve  gear.     The  motion  of  the  piston  in 
proper  direction  and  to  the  right  extent,  as  controlled  by 
governor  through  the  pilot  valve,  would  then  serve  to  give  the 
quired  adjustment  of  the  main  valves. 

In  smaller  engines  it  is  customary  to  connect  the  govern^ 
to  some  light  form  of  mixing  valve,  to  a  balanced  or  floati 
valve  of  some  kind,  or  to  a  light  link  or  equivalent  which 
easily  moved  and  causes  the  necessary  adjustment  by  the  shifti 
of  a  fulcrum  or  the  like  in  the  main  gear. 
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CHAPTER    XXVI. 

INTERHAL-COMBOSTION   ENGIKES  {cont.}. 

Efficiency,  Perfohmanxe,  and  Power. 
319.  Efficiencies  of  Otto  Four-Stroke  Cycle  Engines,  (a)  Not 
lly  docs  the  thermal  efficiency  of  the  Otto  cycle  engine  theo- 
^ically  vary  with  the  ratio  of  compression,  increasing  as  the 
al  volume  is  decreased  with  respect  to  the  initial  volume. 
t  real  engines  also  show  a  similar  gain.  The  rapid  improvement 
;  the  efficiency  of  this  type  of  engine  during  the  past  twenty 
5  has  been  largely  due  to  this  increase  in  compression  pres- 
It  is  well  shown  by  the  following  tabic:* 

BLE  xir.  - 
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(bl  It  should  not  be  assumed,  however,  that  by  an  indefinite 
icrease  of  compression  pressure  the  thermal  efficiency  of  the 
al  engine  can  Yk  raised  without  limit.     For  even  if  the  ten- 
dency of  ihe  fuel  to  preignition  could  be  overcome,  calculations 
based  upon  actual  performances  show  that  with  the  Otto  type 
^A    engine    the    maximum    practical    thermal    efficiency    would 
■obably  be  attained  with  a  compression  pressure  of  from  250 
ppunds  to  300  pounds  per  square  inch. 
Blast-furnace  gas  engines  operating  with  compression  pressure 
I  high  as  200  pounds  have  given   thermal  efficiencies  on  the 
rake  of  32  to  34  per  cent.     But  the  tendency  with  this  fuel  is 
•  The  Gas,  Petrol  and  Oil  Engine,  D.  aerit,  page  J4i- 
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r. . -i*  toward  the  Use  of  compresaon  pyressuies  in  the  neig^borliood 
'.:'  I'^jfj  to  iSo  pounds  because  of  the  mechanical  difficulties 
•.r..  .  jr.tered  uith  the  higher  pressures:  and  in  this  case  a  litde 
^r.i'.z  yj  per  cent  ib  exiremdy  good  thermal  effidencj-  on  the 
":  r^k'j  : .  r  n:'>iem  engines,  while  the  average  operating  \'alue  for 
jT  •  ■;  -tandard  American  t^pes  of  5tationar>-  engines  is  about  25 
:-.•  2'  7A:r  ten:  a:  rated  load,  and  of  course  decreases  with  leduc- 
:;  :.  :r.  the  kad. 

c    Btrsides  the  compression  ratio,  the  thermal  efficienc>'  in 
general  can  also  be  increased  by 

1  Mixing  the  incoming  charge  more  perfectly; 

2  Ppjducing  fairly  rapid  and  complete  combustion  at  the 

compression  end  of  the  stroke  (note,  however,  that 
tiXj  rapid  combustion  is  not  desirable) ; 

3  Preventing  loss  of  heat  from  the  charge  to  surrounding 

metal  during  combustion  and  expansion. 

M^r.\  m^xiem  engines  have  elaborate  mixing  x-alx'es  whidi 
cau-e  ihoruugh  init-rnuxing  of  gas  and  air  before,  or  just  at  the 
tiiTif  Ml*,  t'niering  the  cylinder. 

In  hi^h-crhcienc\*  engines  the  combustion  space  is  made  as 
nearly  a-  i--s>il'le  spherical,  hemispherical,  or  in  the  form  of  a 
shi^ri  cxliii'irr:  and  all  pockets  leading  out  of  this  space  are 
aM>ided  a-  :"ar  as  p^^ssible.  This  results  in  less  surface  for  the  vol- 
unie  indoi^-d.  and  thus  reduces  heat  loss  to  the  metal  and  makes 
the  ci>mbustion  more  rapid  and  complete  for  a  similar  reason. 

In  [tickets  connecting  with  the  combustion  space  the  gases 
often  burn  long  after  combustion  of  the  main  part  of  the  charge 
i>  complete.  This  can  Ix.'  prevented  by  placing  the  igniter  in 
thr  pocket,  and  igniting  the  gas  there  first,  in  which  case  the  rapid 
in(  n.ase  of  temjxTature  will  cause  a  sudden  pressure  rise,  blowing 
soim*  «»f  the  Inirn'ng  gas  into  the  main  charge,  thus  causing  very 
(•oni|)letL-  iiiHaniniation. 

Large  engine>  generally  have  slightly  higher  thermal  efficien- 
( ii-  than  small  engines  of  the  same  type  and  proportions,  because 
l.ir;^e  <  ylinders  have  less  wall  surface  per  unit  of  volume  inclosed 
liian  have  small  cylinders  of  the  same  proportions.  This,  how- 
r\(r.  may  be  counteracted  by  difficulty  of  mixing  the  charge  in 
the  larger  cylinder  and  difficulty  in  effecting  rapid  and  complete 
comllU^tion. 

When  large  cylinder  diameters  are  used,  two  or  more  igniters 
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^Ht  different  points  are  often  operated  simijltaneously  in  each 
^H>mbustiun  space  in  order  to  reduce  the  distance  through  which 
^^lilammation  must  progress  from  each  igniter. 
11       Piston  speeds  of  high-efficiency  engines  are  carried  as  high  as 

is  mechanically  feasible  in  order  to  reduce  the  time  of  contact 

between  hot  gases  and  walls. 

(d)  The  values  of  all  the  difTerent  efficiencies  enumerated  in 
Sect,  105  will  vary  considerably  with  the  conditions,  fuel,  mix- 
lure,  type  of  engine,  etc.;  but  for  the  purpose  of  giving  a  gen- 
eral idea  of  the  order  of  these  values  a  certain  type  and  set  of 
conditions  will  be  assumed. 

The  engine  is  supposed  to  operate  with  "producer  gas"  as 
fuel  and  (in  the  ideal  case  for  drawing  the  air  card)  to  have  a 
I  suction  pressure  equal  to  atmospheric,  a  pressure  of  150  pounds 
per  square  inch  alisolute  at  the  end  of  compression,  a  temperature 
at  the  end  of  suction  stroke  equal  to  520"  F.  abs,,  a  lempera- 
turvt  at  the  end  of  compression  of  tooo"  F.  abs.,  and  a  tempera- 
ture at  theend  of  combustion  of  airaut  6500°  F.  abs.  These  figures 
are  obtained  by  neglecting  all  losses  in  the  real  engine  and  by 
conddering  the  specific  heats  constant. 

(e)  The  thermodynamic  or  Carnot  efficiency  is  then 
Ti-  T,      6500- 

r, 


I 


EJc 


^)  The  cycle  efficiency  for  this  Otto  cycle  is  from  Eq.  (80), 
7"d 


C£/=!  ■ 
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Then  in  Fig.  305,  drawn  to 
scale  for  the  assumed  engine, 
the  distance  /IB  is  48  per  cent 
of  .4C. 

Thus  the  Otto  cycle  upon 
which  this  engine  is  to  operate 
is  less  efficient  than  reversible 
cyxlcs.  and  the  real  engine  is  ini- 
tially handicapped  to  that  extent. 

(g)  The  relative  efficiency  is 
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This  shows  that  the  real  Otto  engine,  if  absolutely  F>erf€Ct,  could 
only  make  available  a  little  more  than  half  the  mechanical  energy 
obtainable  with  the  ideal  Carnot  engine. 

(h)  The  indicated  efficiency  measures  the  amount  by  which 
the  cylinder  of  the  real  engine  falls  short  of  devdoping  the 
48  per  cent  of  the  supplied  encrg>'. 

The  weight  (\Vi)  of  mixture  that  this  engine  would  probably 
use  is  about  9  to  10  pounds  per  i.h.p.-hour,  and  the  heat  IQ 
supplied  by  each  pound  of  mixture  is  about  940  B.t.u.  Then 
the  theoretical  Otto  engine  would  make  available  940  X  0.48  = 
451.2  B.t.u.  per  pound  as  A£.  One  horse  power  is  equivalent 
to  2545  B.t.u.  per  hour,  and  the  heat  theoretically  available  for 
doing  work  is  (9  or  10)  X  451.2  B.t.u.;  hence 

lEf  =  ,^1;  =  7— -^  s*c^ =  62.6  to  56.4  per  cent. 

WiAE      (9  to  10)  X  451.2  ^    -r  K- 

That  is,  the  area  of  the  upper  loop  of  the  real  indicator  card 
divided  by  the  area  of  the  ideal  air  card  would  give  a  value 
between  62.6  per  cent  and  56.4  per  cent.  This  measures  the 
proportion  of  the  maximum  energy  of  this  cycle  that  is  made 
available  by  the  real  engine.  In  Fig.  305,  DE  should  be  62.6  per 
cent  to  56.4  per  cent  of  DF. 

(i)  The  thermal  efficiency  on  the  i.h.p,  is  easily  determined  to  be 

^'^^  =  W^  =  (9  to  10?  X  940  =  3°  to  '7  per  cent. 

which  shows  that  the  real  engine  actually  converts  into  mechani- 
cal energy  from  30  to  27  per  cent  of  all  the  heat  supplied  it. 
Some  of  this  is,  however,  lost  in  fluid  and  mechanical  friction,  and 
the  amount  of  such  loss  is  measured  by  the  mechanical  efficiency. 

The  TIE/  is  the  ratio  of  GH  to  i4C  in  Fig.  305. 

(j)  The  mechajiical  efficiency,  MEf,  of  an  engine  of  this  Idnd 
would  probably  be  about  85  per  cent,  thus  the  d.h.p.  would  be 
about  85  per  cent  of  the  i.h.p.  In  Fig.  305,  JK  is  therefore  85 
per  cent  of  JL. 

(k)  The  thermal  efficiency  on  the  dJi,p,  is  from  Eq.  (220) 

TDEf  =  TIEf  X  ^fEf  =  (27  to  30)  X  0.85  =  22.9  to  25.5  percent, 

showing  that  the  engine  actually  turns  into  useful,  available 
|K)wer  about  one  quarter  of  all  the  heat  energy  supplied  it.  In 
I'ig-  305  the  TDEf  is  given  by  the  ratio  of  MN  to  AC. 
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W   0)  The  over-all  tjjidency  would  be  by  Eq.  (221) 

)pBf=  lE/y.  MEf=  (56.410627)  X  0.85  =  47-9  to  53.3  per  cent, 
wiowing  that  the  real  engine  losses  (cylinder,  fluid  friction,  and 
hncchanical  friction)  consume  about  one-half  the  power  which  the 
FSdeal  engine  with  the  same  cycle  would  make  available.  In  Fig. 
bo5  the  OEf  is  the  ratio  of  AfN  to  AB. 

I  220.  Efficiencies  of  other  Commercial  Engines,  (a)  Two- 
Hferoke-CTcle  Otto  Engines,  because  of  greater  cyclinder  -and 
niction  losses,  generally  have  over-ail  efficiencies  of  from  0.7  to 
ft.8  of  those  of  corresponding  four-stroke  engines.  The  indicated 
Hfficicncy  and  mechanical  efficiency  may  both  be  lower  than 
Bn  four-stroke  engines,  or  the  indicated  efficiency  may  be  lower 
Bvhile  the  mechanical  efficiency  is  higher  because  of  the  absence 

■  of  valves  and  such. 

(b)  The  thermal  efficiency  of  the  Diesel  oil  engine  is  generally 
higher  than  that  of  engines  working  on  the  Otto  cycle.  This  is 
due  to  the  higher  compression  pressure  which  can  be  carried  in 
these  engines  {500  pounds  per  square  inch  or  more),  and  to 
the  fact  that  the  combustion  conditions  are  also  probably 
somewhat  belter. 
L  Average  thermal  efficiencies  on  the  brake  with  Diesel  engines 
B|re  about  30  per  cent,  and  sometimes  run  as  high  as  35  per  cent. 

I    221.   Heat  Balance  for  Gas   Engines,     (a)  In   reporting  an 

IbDgine  test,  it  is  customary  to  account  for  all  heat  supplied.     The 

Btatcmcnt  of  this  account  is  called  the  "  heat  balance."     There 

Krc  only   five  possible  destinations  for  heat  supplied  to  a  gas 

KDgine.     They  are; 

W        (!)  Useful  mechanical  energy: 

I        (2)  Loss  to  jacket; 

I        (3)  Heat  carried  away  in  the  exhaust  gases; 

H        (4)  Loss  due  to  incomplete  combustion; 

H        (5)  Radiation,  which  includes  energy  converted  into  beat  by 

H  friction. 

K    (b)  Tile  useful  mechanical  work  has  already  been  shown  to 

Hqual  from  is  ^o  3o  per  cent  of  the  heat  supplied. 

B    (c)  The  relative  amount  of  heat  lost  to   the  water,  or  aJr,  J 
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same  engine  under  different  conditions.    The  loss  to  jacket 
between  25  and  50  per  cent,  with  an  average  from  30  to  35 
cent.     In  the  case  of  air  jacketing,  it  is  not  generally  possible 
distinguish  between  jacket  and  radiation  losses. 

(d)  The  loss  due  to  heat  carried  away  by  the  exhaust 
owing  to  their  high  temperature,  generally  falls  between  25 
40  per  cent,  increasing  as  the  jacket  loss  decreases,  and  vicever^^ 

(e)  Combustion  is  almost  always  incomplete  to  a  small  ext^ 
and  may  at  times  be  imperfect  enough  to  account  for  a  cons  J 
erable  proportion  of  the  heat  available.     This  loss  should  not 
greater  than  i  to  2  per  cent  of  the  total  heat,  and  is  often  mu 
less. 

(f )  Radiation  loss  is  supposed  to  include  all  heat  radiated  fro^        ^ 
the  outer  surfaces  of  the  engine,  and  in  the  heat  balance  it  wou 
include  all  energy  converted   into  heat  by  friction  and   sul 
quently  lost  by  radiation  and  conduction.     It  is  generally  fouiw^ 
by  subtracting  the  sum  of  the  other  four  quantities  of  heat  i 
per  cent  from  100;  and  when  this  method  is  used  this  differencr 
includes  all  errors  of  the  other  results.     When  calculated  in  thi 
way  it  may  have  a  value  of  from  10  to  20  per  cent,  with  an  aver 
age  of  about  15  per  cent. 

(g)  Another  heat-balance  method  puts  under  (i)  the  enei 
represented  by  the  upper  loop  of  the  diagram,  instead  of  th^^ 
mechanical  energy  delivered.     Then  the  energy  loss  in  gas  and- 
engine  friction  is  already  included  under  (i)  and  does  not  appear^ 
as  radiation  loss  under  (5).     The  latter  value  is  then  reduced 
to  about  5  to  8  per  cent  of  the  total  heat  supplied. 

(h)  The  total  heat  supplied  the  engine  may  be  taken  as  either 
the  higher  or  lower  heat  value  of  the  gas  (see  Chapter  XXVIII). 
Obviously  the  use  of  the  lower  value  results  in  a  higher  efficiency 
for  the  engine,  and  is  therefore  favored  by  gas-engine  builders. 
In  America  the  lower  value  is  universally  used,  although  in  some 
countries  of  Europe  the  higher  value  is  sometimes  adopted. 

(i)  It  is  important  to  note  that  the  thermal  efficiencies  of 
steam  and  internal-combustion  engines  are  not  strictly  compar- 
af)le  unless  the  amounts  of  heat  available  are  measured  in  a 
truly  comparable  way.  This  is  usually  not  the  case,  for  the  fol- 
lowing reasons:  The  heat  supplied  a  steam  engine  is  generally 
figured  as  that  in  the  steam  above  some  datum,  such  as  32**  F., 
or  feed- water  temperature,  or  exhaust  temperature  and  is  not  in 
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terms  of  the  fuel  used  or  its  cost.  On  the  other  hand,  the  heat 
supplied  an  internal-combustion  engine  is  based  upon  a  calori- 
mtiric  determination  of  the  fuel,  with  certain  corrections  in  case 
the  lower  calorific  value  is  sought.  This  amounts  to  figuring  the 
beat  supplied  above  a  datum  equal  to  the  existing  atmospheric 
lemperature  for  all  the  constituents  of  the  exhaust  gas  excepting 
the  water  formed  by  the  combustion  of  hydrogen.  The  heat  value 
of  this  combustible  is  figured  afxjve  a  datum  which  often  corre- 
Bponds  roughly  to  212°  F.  (See  Chapter  XXVIII  for  further 
diseuasion.) 

The  datum  used  is  thus  arbitrarily  chosen  for  convenience  in 
each  case,  and  the  results  are  not  strictly  comparable.  It  might 
teem  that,  since  the  steam  engine  is  given  credit  for  the  heat  of 
the  liquid  in  the  exhaust  steam,  or  for  that  part  of  it  abo\e  feed- 
water  temperature,  some  sort  of  similar  de\-ice  might  be  adopted 
in  the  case  of  the  internal-combustion  engine.  This  is  incorrect, 
however,  because  the  exhaust  of  the  latter  engine  is  absolutely 
useless  so  far  as  the  engine  is  concerned.  Pari  of  the  heat 
carried  may  be  abstracted  by  generating  steam,  heating  water, 
or  in  a  number  of  other  ways;  but  this  should  not  affect  the 
%ire  for  heal  consumption  of  the  engine,  although  it  is  properly 
laken  account  of  in  determining  the  efficiency  of  the  plant  as  a 
vhole. 

(j)  The  only  true  comparison  of  heat  expenditure  is  between 
fceai-power  plants  as  a  whole  and  not  between  engines  only. 
Uihe  fuel  is  the  same  in  both  cases,  the  ratio  of  the  amounts  of 
fuel  per  d.h.p.  may  be  uficd;  otherwise  relative  economy  is  shown 
by  the  ratio  of  the  costs  of  the  respective  amounts  of  fuel  con- 
mmed  per  d.h.p.-hour. 

The  true  comparison  for  economic  purposes  should  include 
not  only  the  fuel  cost,  but  expenditure  for  labor,  lubricants, 
tniqdies,  repairs,  interest,  depreciation,  insurance,  and  all  other 
"Stt  involved  in  power  generation;  and  only  on  such  a  basis  are 
tWnystcms  truly  comparable. 

m.  Perfonnance  of  Internal-Combustion  Engines,  (a)  There 
*'Cso  many  different  kinds  of  internal -com  bust  ion  engines  that 
it  i«  difficult  to  make  broad  statements  to  fit  all  cases.  The  fol- 
'"•ing  must,  therefore,  I>e  regarded  as  very  general,  and  appli- 
t^c  only  to  the  average  lines  of  engines. 
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9>)  American  engines  built  to  run  on  natural  gas  are  gener- 
ally guaranteed  to  deliver  a  brake  horse  power  on  from  lo  to  li 
cubic  feet  of  gas  at  rated  load.  This  gas  is  commonly  assumed 
to  have  a  calorific  value  (lower)  about  looo  B.t.u.  per  cubic 
foot;  so  this  guarantee  is  from  10,000  to  11,000  B.t.u.  per  horse- 
power hour  at  rated  load,  corresponding  to  thermal  rffidencies 
of  from  23  to  25.5  per  cent  on  the  d.h.p.  Many  engines  at 
present  in  operation  give  better  results  than  these  by  several 
per  ctnt  at  rated  loads;  and  the  efficiencies  are  still  better  at 
loads  from  10  to  15^  greater  than  the  normal. 

At  three-quarter  load  they  are  generally  guaranteed  at  11,000 
to  13,000  B.t.u. ;  at  half-load,  13.000  to  15.000;  and  at  one-quarter 
load  2o,OQO  to  23,000  B.t.u. 


Rg-  J06. 


Tho  cur\es  of  the  total  consumption  and  raU  per  d.h.p.-bour 
for  .worage  100  horse-power  natural-gas  enpnes  are  gi\-en  in 
Fiy;.  ,;tX).  In  each  case  the  two  cur\o*  a^rrespond  lo  the  limits 
alvw  j;i\cn.  Tho  exact  shape  of  theso  cur\-es  tt-ill.  of  cour%. 
doiviiil  ujxm  iho  type  of  engine,  mothi.^  of  governing,  etc..  but 
thom-  j;ivon  ni.i>-  Iv  taken  a.-;  n.^ire«<'nting  a\erage  practice. 

1:  is  ivr.vonioni  to  n.'momlier  that  practically  all  internal- 
i-vimbusHiMi  CRpnes.  with  tho  possible  exception  of  some  cfl 
cr.f;i;us"  will  nviuin-  aN>ut  t^ntv  as  many  ihormal  units  per  bora»- 
pi^wor  hour  a;  onc-i;'aancr  K>ad  as  at  tho  rated  load. 
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(e)  Engines  intended  to  operate  on  illumJiiatiiig  gas  are 
[enerally  guaranteed  with  lower  efficiencies  than  natural-gas 
sngines.  The  B.l.u.  per  d.h.p.-hour  is  usually  from  12,000  to 
13,000  B.t.u.  at  full  load.  The  poorer  performance  is  principally 
lue  to  the  fact  that  these  engines  are,  as  a  rule,  not  so  carefully 
Icsigneil.  as  they  are  not  built  in  large  sizes  or  in  great  numbers 
^cause  of  the  high  cost  of  this  gas.  Some  of  the  highest  thermal 
ffficiencies  on  record  have,  however,  been  obtained  with  engines 
ifiing  illuminating  gas. 

(d)  Producer-gas  engines  are  generally  guaranteed  on  a  bads 
>f  coal  used  per  horse-[>ower  hour  rather  than  cubic  feet  of  gas 
sr  B.t.u.  The  average  figure  is  i  to  i.i  pounds  of  coal  per  horse- 
power-hour at  rated  load,  and  most  producer-gas  installations 
of  good  design  can  be  counted  on  to  produce  a  d.h.p.-hour  on 
less  than  1 .2  pounds  if  operated  continuously  at  full  load.  Under 
■ccuratc  test  many  of  them  have  de\eloped  a  brake  horse-power 
hour  on  0.8  to  0.9  of  a  pound  of  coal. 

To  give  an  idea  of  the  meaning  of  these  figures,  it  is  sufficient 
to  state  that  a  consumption  of  only  0.8  pound  of  coal  per 
d.h.p.-hour  corresponds  to  a  thermal  efficiency  on  the  brake  for 
the  engine  alone  of  about  31  per  cent;  while  f  pound  corresponds 
to  about  25  per  cent. 

(e)  Gasoline  engines  (stationary)  are  generally  guaranteed  to 
deliver  a  d.h.p.-hour  on  one  pint  of  gasoline,  at  rated  load. 
This  corresponds  to  a  heat  consumption  of  about  14,000  B.t.u. 
per  d.h.p.-hour,  or  a  thermal  efficiency  of  about  18  per  cent. 
As  a  matter  of  fact,  all  of  the  better  types  are  capable  of  deliver- 
ing a  d.h.p.-hour  on  about  two-thirds  of  the  guaranteed  quantity, 
when  everything  is  in  perfect  adjustment. 

Between  rated  oad  and  maximum  load  the  efficiency  will 
Srst  increase  and  then  due  to  the  use  of  rich  mixture  will  slowly 
decrease. 

At  about  one-quarter  load  the  consumption  per  d.h.p.  will 
be  about  twice  that  at  full  load. 

(f)  Alcohol  engines  arc  not  as  yet  a  commercial  product  in 
tliis  country,  and  very  few  figures  are  available  from  practice. 
Tests  show  that  such  engines  can  safely  be  guaranteed  on  the 
lame  or  a  smaller  volume  consumption  than  gasoline.  It  is  safe 
to  assume  a  thermal  efficiency  of  25  per  cent  on  the  brake  with 
these  engines,  and  figures  as  high  as  32  per  cent  and  more  have 
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been  obtained.  This  high  efficiency  is  largely  due  to  the  high 
compression  pressure  that  can  be  used  with  this  fuel. 

(g)  Oil  engines  (kerosene,  distillate,  and  crude)  differ  widely 
in  fuel  consumption,  but  the  newer  and  better  American  types 
are  capable  of  producing  a  d.h.p.-hour  on  from  0.7  to  as  low  as 
0.5  of  a  pound  of  oil.  These  figures  correspond  roughly  to 
thermal  efficiencies  of  from  18  to  28  per  cent  on  the  d.h.p. 

(h)  The  curves  given  in  Figs.  307  to  312  inclusive  show  results 
of  tests  of  several  different  types  of  engines  with  different  fuels. 
They  illustrate  in  a  general  way  how  the  various  efficiencies  of 
commercial  importance  vary  with  such  things  as  load,  size  of 
engine,  kind  of  fuel,  etc. 


CHAPTER  XXVII. 
FUELS. 

223.  Fuels,  (a)  In  the  discussion  of  ideal  engines  in  preceding 
chapters,  a  hot  body  was  assumed  to  be  available  and  it  was 
imagined  to  be  so  constituted  that  it  could  deliver  heat  at  any 
time  and  in  any  desired  quantity,  with  no  change  in  its  own 
temperature.  No  such  hot  body  is  really  available,  and  in 
practice  supplies  of  heat  are  obtained  by  burning  "  fuel." 

(b)  In  the  broadest  sense  fuel  is  any  material  which  can  be  made 
to  combine  with  other  material  in  such  a  way  as  to  liberate  heat.  In 
the  commercial  sense,  however,  fuel  is  any  material  the  greater 
part  of  which  can  be  made  to  combine  with  oxygen,  usually  from 
the  air,  so  as  to  liberate  heat,  and  which  is  purchasable  at  such  a 
price  that  its  use  will  yield  a  profit. 

(c)  Fuels  may  be  solid,  liquid  or  gaseous.  The  principal 
Natural  Fuels  are  Coal,  Wood,  Petroleum  Oil  or  Crude  C)il,  and 
Natural  Gas.  The  principal  Prepared  Fuels  are  Coke,  Bri(ju(?ts 
made  from  coal.  Charcoal,  Distillation  Products  of  lY'trolcum, 
Artificial  Gas  made  from  solid  or  liquid  fuel,  Hydrogen  Gas  and 
Acetylene  Gas  made  from  noncombustibles,  and  Alcohol.  There 
are  also  certain  kinds  of  municipal  refuse  and  manufacturing 
wastes  which  have  fuel  value. 

224.  Geology  of  CoaL  (a,)  Formation.  Beris  of  coal  in  the 
different  stages  of  formation  are  scattererl  over  the  earih*h  *?ur- 
face.  Geologists  believe  that  coal  rc-sults  from  collections  of 
vegetable  matter,  deposited  in  swampy  places  or  under  water, 
which  are  subsequently  covered  by  silt  and  other  material  and 
during  geological  ages  are  gradually  rhangc-^l  in  \}hy^Uj±\  and 
chemical  composition  until  they  finally  Urcome  coal. 

(h)  Vegetable  matter  ma\'  h'rre  Ixr  assumff]  to  <jjTi\\'X  of 
carbon,  hydrogen  and  oxy^'m  rfjm\jm*':f\  in  defir. :•.',-  ;yrojx/rtion-. 
together  with  certain  iTiCorrAyar'^Ujhr  ir:or;^an:c  -a**-,  in  *h''  '>-ll 
structure.     This  vegetable  mat Vrr  -Aheri   urA*ir  waVrr  <Jiar;;^'>, 
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ver>  gradually.  loeing  socne  of  its  material  in  the  form  of  gas 
usually  me  thane  or  marsh  gas.  CH/;  and  as  water.  These  trans- 
torrr-itiocs  v.T>Gdaue  afier  the  deposit  has  been  deeply  covered 
with  earth,  and  e\-eiituallv  oolv  the  carbon  and  the  inert  salts 
rt!TLiin.  The  e.vienc  oi  these  changes  is  principally  dependent 
or.  time,  measured  in  geological  ages,  on  temperature,  and  on  the 
pressure,  depth  and  r*xosat\-  of  the  o\'erl\'ing  marerial. 

The  cjmc^us:cU  part  »?t  coal  consists  principally  of  volaiik 
ft>  released  upon  heating  to  a  high  temperature  in 


*  -ir       i  *  i 

cir^ei  CTJivir'.e  and  ;:  'ix^S  s^'rcx  which  remains  after  snA 
rfj.:— .-r.:  .\s  the  !.rTr-j.t::c.  :f  ojal  rr^cresses  the  p«rc«:taze 
:    -    '-J:::'^:   r:ta::cr  and   n:o-i>:«r^-   i-ecr^aies  with  corresccoci^s 

c  ClLSsinc&doa.  Ir.  :he  e.ir*y  >ta^es  :■:  transfom^ti-3r  the 
--i-  -^  15  ra/.-ri  :  F::-^:  :r  Turf.  Later,  with  increised  pre?- 
-*-  •  •  i-  >:-^  rtjit.-ia  resu*::r<  ir  creat.y  reduced  voJusie, 
'  ':*^.:  -r-i-f    r     ":r:*A-r     r  ":a:k  1:;^::/.     La:er  stiH.  after  adA* 

ral   char.^r>.  :he    material    heoxaes 
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ccessively   (4)    Semibituminous,  then   (5)   SemianlhracAte,    (6)        ^^H 
nthracUc,  and  finally  (7)  Graphitic  Coal.     The  last  is  practically        ^H 
lire  carbon.     These  are  the  seven  groups  into  which  coats  are       ^^H 
encrally  classified.*                                                                                   ^H 

(d)  Fig.  J13  shows  in  a  very  general  way  the  relation  of  fixed       ^^H 
irbon  to  volatile  matter  during  the  transformation  of  vegetable       ^^M 
latter  into  coal.                                                                                                   ^^H 

The  horizontal  width  of  the  diagram  represents  the  sum  of       ^^| 

orizontals  into  parts  which  represent  fixed  carbon  (at  the  left)       ^^M 

nd  volatile  matter  (at  the  right).     Percentages  may  be  read        ^^H 

rom  the  scales.                                                                                   ^H 

The  progress  of  the  transformation  is  shown  by  the  classi-       ^^H 

iication  at  the  right  of  the  diagram.    This  grouping  would  seera       ^H 

It)  indicate  well-defined  divisions  between  adjacent  classes;  but      ^^H 

1  reality  the  groups  blend  into  each  other.    The  diagram  is      ^^| 

mply  for  illustration  and  should  not  be  used  otherwise.                      ^^H 

(e)  There  is  as  yet  no  really  satisfactory  basis  for  the  classi-       ^^M 
cation  of  coal.     Formerly  the  classification  was  according  to       ^^| 
he  percentage  of  fixed  carbon  in  the  dry  combustible,  as  given  in       ^H 
Table  X!II.     This,  however,  is  not  very  satisfactory  for  coals        ^^M 
tigh  in  volatile  matter.                                                                              ^H 

TABLE  XIII. -OLD  CLASSIFICATION  OF  COALS.                     ^| 

KiBd  <■(  Cad. 

Fi«dC„l-.. 

—      ■ 

97  otogj  s 
93  S  1087.3 
87  S  ">  7S  0 
7S  0  to  60.0 
65.01050.0 
Under  50.0 

7  S  lo  "5 

25  0  to  400 

35  0  to  so  0                       1 
Over  so.o          ^^J 

nniantbracite. .    

ituminous.  Eastern 

ipiite 

(f)   A  recently  proposed  classification,  based  on  the  ratio  of     ^^H 
olatilc  carbon  to  total  carbon  and  known  as  Parr's  Classifica-      ^^H 
on,t  appears  to  be  more  satisfactory.    Omitting  the  subgroups      ^^M 
nder  bituminous  coals  and  lignites,  this  classification  is  given  in      ^^H 
able  XIV.                                                                                                 ^H 

hu  "  b  Bometimes  recognized.                                                                                              ^^H 
f  Bull.  N'o.  3  Illinn»  State  Geol.  Survey.                                                                 ^^H 
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TABLE  XIV.  —  PARR-S  CLASSIFICATION  OF  COALS.     {Abbrn.) 


Ki«do(Cod. 

VoUtUeCvbM 

ToUlCarboB 

iHtVoUtUiu 

Pwmit, 

Below  4 

Between  <  and  8 
Between  lo  and  15 
21  to  44 

37  and  up 

Pa  cot. 

Stoi6 
16  to  30 

(g)  Coal  Fields  in  the  United  States.*  The  main  deposits 
in  tills  country  are  shown  in  a  very  general  way  in  Fig.  314,  in 
which  the  average  character  of  each  deposit  is  indicated  by  the 


rg  34 

kind  uf  hatching.  In  Rhode  Island  there  is  a  little  graphitic 
coal.  Most  of  the  anthracite  is  found  in  beds  of  less  than  500 
square  miles  area  located  in  eastern  Pennsylvania.  The  princi- 
pal deposit  of  semibituminous  coal  is  about  three  hundred  miles 
lonn  by  twenty  wide  and  lies  along  the  eastern  edge  of  the 
XonlKTii  A])palachian  Field.  The  bituminous  coals  extend  from 
thih  <k|Jiihii  westward.  Starting  with  the  graphitic  coal  in 
•  Si'L'  C.K1I  Fields  in  ihe  U,  S.  by  C,  W.  Hayes,  U.  S.  Geological  Survey,  and 
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Rhode  Island,  broadly  speaking,  the  farther  west  a  coal  is  located 
the  less  advanced  it  is  in  the  process  of  transformation.     It  is 
important  to  note,  however,  tliat  there  are  many  exceptions  to 
these  very  general  statements,  for  there  are  numerous  other  small  J 
fields,  not  shown,  scattered  over  the  country.     For  instance,  a  I 
little  anthracite  coal  is  found  in  Colorado  and  in  New  Mexico,  I 
and  some  semi  bituminous  in  Arkansas.  I 

225.  Composition  of  Coal,  (a)  Coals  consist  principally  of  i 
the  elements  Carbon,  Hydrogen,  Sulphur,  Oxygen,  and  Nitrogen,  I 
together  with  moisture  and  ash.  The  elements  named,  par-  I 
ticularly  Carbon,  Hydrogen  and  Oxygen,  seem  to  be  combined  I 
in  various  ways  in  the  solid  coal,  though  little  is  known  of  the  I 
formulas  of  the  compounds  in  which  they  exist.  The  ash  contains  I 
the  inert  salts  of  the  original  vegetable  matter,  together  with  silt  I 
and  similar  impurities  acquired  after  deposition  and  submerdon. 

(b)  "Moisture  "  is  arbitrarily  defined  as  the  material  lost  when 
a  finely  powdered  sample  of  the  coal  is  maintained  from  half  an 
hour,  to  an  hour,  at  a  temperature  of  about  220°  Fahr.;  or,  more 
exactly,  as  the  maximum  loss  which  can  be  made  to  occur  at 
this  temperature.     The  material  driven  off  in  this  way  is  not 
necessarily  all  moisture,  for.  with  some  coals,  part  of  the  more   I 
volatile  combustible  material  may  distil  off.     Moreover,  all  the  I 
water  content  may  not  be  driven  off  by  maintaining  the  material  I 
at  this  temperature.    The  definition  is,  therefore,  only  an  arbi-  I 
trarj'  one,  but  it  seems  to  be  the  best  that  can  be  devised.  I 

(c)  "Dry  Coat"  is  coal  from  which  the  moisture  has  been  1 
driven  by  heating,  as  above  described.  I 

(d)  "  Volalile  Matter"  (or  "  volatile  ")  is  the  name  given  to  all  I 
material  driven  off  when  "  dry  coal  "  is  maintained  at  a  very  high  I 
temperature  (between  a  "  red  "  and  "  while  heat  ")  in  a  covered  1 
crucible  (out  of  contact  with  air)  until  there  is  no  further  loss  of  J 
wei^t.    This  definition  is  again  purely  an  arbitrary  one,  but  it  ia  | 

I  useful  in  that  it  gives  a  measure  of  the  material  which  will  be   I 
similariy  given  off  in  a  furnace  or  in  a  coke  oven.  1 

(e)  "Fixed  Carbon  "  is  defined  as  the  portion  remaining  after  I 
subtracting  the  ash  from  the  material  left  in  a  crucible  after 
driving  off  the  volatile  matter. 

(f)  " Comhuslibk"  is  the  term  used  to  designate  the  part  of  the 
coal  other  than  moisture  and  ash.     It  is,  therefore,  the  sum  of 
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fixed  carbon  and  **  volatile,**  as  above  defined.  It  is 
principally  of  carbon  and  hydrocarbons  but  it  is  important  to 
note  that  it  also  contains  noncombustible  matter  such  as  Nitro- 
gen and  Oxygen  and  hence  the  term  is  a  misnomer.  When  the 
coal  contains  sulphur  a  large  part  of  this  is  also  found  in  the  so- 
called  combustible. 


226.  Coal  Analyses,  (a)  Two  types  of  analysis  are  in  common 
use  —  one  gives  what  is  known  as  an  '*  Ultimate  Analysis,"  the 
other  a  '*  Proximate  Analysis.** 

(b)  In  an  ultimate  analysis  of  so-called  *'dry  combustible^ 
the  percentages  of  Carbon,  Hydrogen,  Oxygen,  Nitrogen,  and 
Sulphur  are  determined.  The  ultimate  analysis  of  "dry  coal'^ 
also  includes  the  percentage  of  ash,  and  in  some  cases  a  chemical 
analysis  of  the  ash  is  also  made.  Ultimate  analyses  are  seldom 
made  by  engineers,  being  more  often  obtained  from  chemical 
laboratories.  Table  XV  gives  in  a  general  way  the  approximate 
ranges  of  the  ultimate  analyses  of  the  combustible  in  different 
kinds  of  coals.  More  accurate  tables  of  analyses  of  coals  from  dif- 
ferent localities  can  be  found  in  text  books  on  fuels  and  on  boilers, 
in  engineer's  "  pocket  books  **  and  in  reports  and  publications 
of  the  geological  surveys  of  the  United  States  and  of  various 
states.  In  consulting  such  references  it  is  necessar>'  to  bear  in 
mind  that  ultimate  analyses  are  sometimes  incorrectly  made  on 
the  basis  of  coal  **  as  received,*'  i.e.,  on  wet  coal.  In  such  cases 
the  percentages  of  H  and  O  include  the  hydrogen  and  ox>gen 
of  the  moisture. 


TABLE  XV. —  ULTIMATE  ANALYSES  OF  COALS. 


Anthracite Q2-98 

Scmianthracite 00.5 

Semibituminous ^7  3 

Bituminous 75~83 

Lignite    I  70-78 

Peat   61 

i 


Per  Lb.  of  Dn'  Combastible. 
O  N 


1-3 


4    3    D    D 

5-6  8 

:> 
6 


2-3 

4  5 
3-48 

4-1 1 
10-15 


0.9-1 .8 
1-2 

2 


o-i 


0.6-1.3 

0.4-3 
1-3 


fc)    The  proximate  analysis  divides  the  fuel  roughly  into  the 
se\'eral  parts  which  have  already  been  described  in  Section  225, 


FUELS  461 

as  Moisture,  Volatile  Matter,  Fixed  Carbon,  and  Ash.  While 
this  analysis  is  less  exhaustive  than  an  ultimate  analysis,  it  has 
two  marked  advantages  over  the  latter:  (i)  It  is  easily  made 
by  the  engineer  and  involves  the  use  of  very  simple  apparatus; 
and  {2)  it  indicates,  in  a  general  way,  the  behavior  which  may 
be  expected  of  the  coal  during  utilization  as  fuel. 

(d)  Proximate  analyses  are  given  both  on  the  basis  of  "dry 
coal  "  and  coal  "  as  received."  For  purposes  of  comparison 
with  other  fuels,  the  dry-coal  basis  is  the  better  because  the 
conditions  of  storage  and  transportation  may  materially  change 
the  moisture  content,  It  would  be  obviously  unfair,  for  instance, 
to  charge  against  a  coal,  in  comparison  with  others,  the  fact  that 
it  had  been  rained  on,  or  had  been  stored  under  water.  On  the 
Other  hand,  when  coal  is  being  purchased  by  weight,  it  is  as  ob- 
viously unfair  to  pay  for  water  at  the  price  of  coal,  and  there- 
fore for  this  and  similar  purposes  analyses  should  be  on  a  basis 
of  coal  "as  received,"  or  else,  in  addition  to  the  proximate 
analysis  of  dry  coal,  there  should  be  a  statement  of  moisture 
.icon  tent. 

(e)  Table  XIII  gives  the  approximate  range  of  percentages 
of  fixed  carbon  and  A'olatile  in  the  contbtislible  of  the  different 
^kinds  of  coal.  The  proximate  analyses  of  "  dry  coals  "  may  be 
obtained  by  introducing  average  ash  contents  and  altering  the 
percentages  accordingly.  Proximate  analyses  of  coal  from 
different  localities  may  be  found  in  the  books  and  reports  to 
which  reference  has  already  been  made. 

(f)  It  will  be  shown  in  later  chapters  that  such  data  as  are 
given  by  the  ultimate  analysis  can  be  used  for  calculating  the 
calorific  value,  and  that  they  are  also  needed  for  computing 
losses  occurring  in  furnaces  and  boilers.  For  these  reasons  ulti- 
mate analyses  are  often  desired,  even  though  their  actual  deter- 
mination is  outside  the  engineer's  field.  It  has  been  shown  by 
Professor  L,  S.  Marks*  that,  in  the  case  of  most  coals  occurring 
in  the  United  States,  the  ultimate  analysis  can  be  approximated 

["from  the  proximate  analysis  with  sufficient  accuracy  for  dcter- 

the  distribution  of  boiler  and  furnace  losses  and  for  general 

igineering  work.    The  results  which  Professor  Marks  gave  by 

have  been  put  into  the  form  of  equations  by  Professor 

"  Power,  vol.  jg,  p.  918,  Dec.,  1908. 
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H.  Diederichs.    Only  the  principal  ones  of  these  equations  will 
be  given  here.* 

Letting  V  represent  the  weight-percentage  of  volatile  matter 
in  the  combustible,  then  the  approximate  weight-percentages  of 
hydrogen  {H),  of  volatile  carbon  (C),  and  of  nitrogen  (iV)  are 
respectively 

^  =  ^("T^fe  - ''•'''3) ^^^ 

C  =  0,02  V^  )  for  anthracite  and  |  .      v 

or  =  o.q{V  —  10)  )  semianthracite.       |      •     •     •     •  \&3^) 

C  =  o,Q  {V  —  14)  for  bituminous  and  semibituminous  (331) 

C  =  o.g{V  —  18)  for  lignites (332) 

iV^  =  0.07  V  for  anthracite  and  semianthracite.     .     .  (333) 

N  =  2.10  —  0.012  V  for  bituminous  and  lignite.  .     .  (334) 

The  occurrence  of  oxygen  and  sulphur  is  apparently  more  or 
less  accidental  in  character,  showing  no  uniformity,  and  is*  not 
expressible  by  equations.  The  greater  part  of  all  the  sulphur 
and  some  of  the  oxygen  will  appear  in  the  proximate  analysis 
as  volatile,  and  will  therefore  be  accounted  for  as  hydrogen  and 
carbon  in  the  use  of  these  equations. 

227.  Fuel  Values  of  Coals,  (a)  The  methods  of  determining 
the  fuel  values  of  combustible  materials  will  be  discussed  in 
detail  in  the  next  chapter;  there  are  a  few  considerations,  how- 
ever, which  it  is  necessary  to  mention  briefly  at  this  point.  It 
is  customary  to  state  the  calorific  value  of  a  material  in  terms  of 
the  B.t.u.  made  available  by  burning  one  pound.  When  a 
material  containing  uncombined  hydrogen  is  burned,  this  hy- 
drogen unites  with  the  oxygen  and  forms  superheated  water 
vapor.  If  this  vapor  passes  off  without  surrendering  its  heat, 
the  calorific  value  of  the  fuel  is  less  than  if  that  heat  is  made 
available.  Hence  the  terms  lower  heat  value  and  higher  heat  value 
arc  used  to  distinguish  between  the  two  conditions  of  combustion. 

(b)  As  will  be  explained  in  Chapter  XXVIII,  the  Calorific 
Value  of  a  coal  can  be  very  roughly  determined  from  the  ulti- 
mate analysis  by  the  use  of  Dulongs  Formulas,    These  are  given 

*  I'or  more  complete  explanations,  percentages  of  accuracy,  etc.,  see  Carpenter 
and  Diederichs'  "  Experimental  Engineering,"  p.  507,  and  the  original  article  in 
Power  referred  to  in  the  preceding  footnote. 
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Section  243  as  Eqs.  (376)  and  (377)  and  are  stated  as  follows: 


Higher  B.t.u. 
Lower  B.t.u. 


■■  14,600  C  +  62,000  (H  - 
■■  14,600  C  +  52.000  (H  - 


0/8)  +  4000  S. 
0/8)  +  4000  S. 


i  for  C,  H,  0.  and  S  arc  substituted  the  weights  of  these  elements 
T  pound  of  combuslible,  the  results  will  be  B.t.u.  per  pound  of 
>mbustible.  If  weights  per  pound  of  dry  coal  are  used,  the 
suit  will,  of  course,  be  B.t.u.  per  pound  of  dr>'  coal. 
As  will  be  explained  more  in  detail  in  the  next  chapter,  Du- 
ng's formulas  are  only  approximate  because  they  assume  all 
le  oxygen  originally  present  in  the  fuel  to  be  combined  with 


fig-  JiS- 

lydrogen,  and  because  they  take  no  account  of  the  t 
ice  of   heat  accompanying  the  dissociation  of   hydrocarbons 
similar  obscure  phenomena  occurring  during  combustion. 

'or  accurate  determination  of  the  calorific  value,  some  form  of 
lel  calorimeter  should  be  used.     These  calorimeters  will  be  dis- 

ussed  in  Section  244. 

(c)  Various  empirkal  formulas  have  been  proposed  for  giving 
he  heat  value  per  pound  of  fuel  in  terms  of  the  proximate 
tnalysis.  These  usually  contain  "constants,"  which  are  given  in 
ables,  and  which  vary  with  the  locality  of  the  mine,  or  with  the 
ario  of  certain  constituents,  such  as  volatile  matter  to  total  com- 
bustible.    These  formulas  will  not  be  given  in  this  brief  treatment. 

(d)  Fig.  315  gives  Mahler's  Curve,'  which  shows  in  a  general 
"  Rcdnim  from  curve  given  in  U.  S.  Geo!.  Survey  Professional  Paper  No.  48. 
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way  how  the  heat  value  per  pound  of  combustible  varies  with  the 
percentage  of  fixed  carbon  present,  and  which  also  shows  the 
range  of  percentages  of  the  fixed  carbon  in  the  different  kinds  of 
coal  as  they  are  usually  classified.  This  curve  shows  dearly  that 
of  all  coals  the  semibituminous  has  the  combustible  of  the  highest 
heat  value;  and  in  connection  with  the  map  in  Fig.  314,  it  is  seen 
that  in  general  the  coals  are  of  decreasing  heat  value  the  farther 
they  are  located  from  the  main  semibituminous  bed.  It  is  also 
true,  generally,  that  the  difficulty  encountered  in  burning  a  coal 
efficiently  increases  with  the  distance  of  the  mine  from  this  same 
bed. 

(e)  Coal  when  mined  always  contains  moisture  and  often  takes 
up  more  afterward.  Moisture  is  generally  undesirable  beeause 
it  is  not  combustible  and  because  it  is  vaporized  and  superheated 
during  combustion,  thus  absorbing  heat  that  might  otherwise  be 
utilized.  Extern  coals,  as  mined,  contain  from  one  to  five  per 
cent  of  moisture,  western  coals  from  three  to  fifteen  per  cent,  and 
lignites  from  ten  to  thirty  per  cent. 

(f)  Ash  not  only  decreases  the  heat  value  of  fuel,  but  it  also 
increases  the  cost  of  transportation  and  handling  of  the  coal  per 
unit  of  heat  produced,  and  in  addition  there  is  the  cost  of  its 
disposal  after  combustion.  The  presence  of  ash  also  interferes 
with  combustion,  especially  if  it  is  of  such  composition  as  to 
form  clinker.  The  percentage  of  ash  in  commercial  coals  ranges 
from  three  to  fifteen  ordinarily,  and  is  usually  greater  in  the 
smaller  sizes  than  in  the  larger. 

(g)  Sulphury  although  combustible,  usually  makes  the  fuel  un- 
suitable for  use  under  boilers  and  for  many  other  purposes,  if 
present  in  large  quantities.  The  products  of  its  combustion 
may,  under  certain  circumstances,  form  acids  by  combining  with 
water  and  these  may  attack  the  metal  of  boilers,  etc.  The  pres- 
ence of  considerable  quantities  of  sulphur  is  supposed  to  indicate 
a  readily  fusible  ash  which  causes  trouble  in  the  boiler  furnace, 
or  in  the  **  gas  producer,"  by  the  formation  of  clinker. 

(h)  Peat,  in  its  natural  state,  is  a  poor  fuel  containing  a  large 
percentage  of  moisture.  Its  value  is  improved  by  drying,  but  it 
is  not  yet  generally  used  when  other  cheap  fuels  can  be  obtained.* 

*  As  an  indication  of  what  may  be  expected  when  other  fueb  become  scaFcer, 
see  Bulletin  16,  U.  S.  Bureau  of  Mines,  **  The  Use  of  Peat  for  Fuel  and  Other 
Purpose*.'* 
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(i)  Lignite  is  an  unsatisfactory  fuel  when  burned  in  furnaces, 
but  recent  investigations  seem  to  indicate  that  it  may  lie  of  great 
\'alue  for  the  making  of  "  producer  gas  "  for  which  there  is  a 
Tai»d1y  growing  demand  for  power  purposes. 

<j)  Western  bituviinous  coals  are  a  little  harder  to  bum  ejfi- 
cicnlly  than  eastern  on  account  of  the  larger  proportion  of  volatile 
matter  contained.  The  higher  the  percentage  of  volatile  matter 
in  the  coal  the  more  difficult  it  is  to  bum  it  smokelessly  and 
efficiently  (see  Chapter  XXIX). 

(k)  Bituminous  coals  arc  sometimes  classified  as  caking  and 
Tumcaking.  The  fragments  of  the  former  kind  coalesce  into  cakes 
while  burning,  which  is  desirable  in  the  making  of  coke  but  may 
interfere  with  the  supplying  of  air  for  combustion  when  the  coal  is 
burned  upon  grates, 

(1)  Cannel  coals  are  bituminous  coals  which  are  very  rich  in 
hydrocarbons  and  bum  like  a  candle,  hence  the  name.  These 
arc  used  as  "  enrichers  "  in  gas  making. 

Coals  high  in  hydrocarbons  burn  with  a  long  flame  and  are 
tnon;  difficult  to  bum  efficiently  than  skort-flame  coals. 

(m)  Semibituminous  coals,  as  has  been  shown,  have  the  highest 
heat  value  per  pound,  and.  as  they  burn  with  a  comparatively 
short  flame,  they  are  the  most  desirable  coals  for  use  in  boiler 
and  similar  furnaces. 

TABLE  XVI.  —  COMMERCIAL  SIZES  OF  SOFT  COAL. 


N«». 

Thmueh  B*n 
S[ia^nrAp.m. 

Otot  B«n  Spaced 

Lum 

1 

1 

(o)    Anthracite  coal  has  an  advantage  over  the  other  classes 

f  in  burning  smokelessly,  and  consequently  is  in  great  demand 

wheR-  smoke  is  not  permitted.     The  available  supply  in  the 

eastern  part  of  the  United  States  is  rapidly  diminishing  and  the 

pricris,  in  general,  higher  than  for  other  coals.     Toobtain  the  best 

Lrcsults  with  anthracite  it  must  be  of  uniform  size.     As  the  price 

decreases  with  the  size,  only  the  smaller  grades,  usually'  those  less 

Lthan  \"  in  diameter,  are  used  for  power  purposes.     Table  XVII 

■  gives  the  usual  classification,  but  unfortunately  the  names  and 

Egtzes  in  some  instances  vary  with  the  locality. 


I 
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TABLE  XVII.  — SIZES  OP  ANTHRACITE  COAL.* 


Name. 

Through  Screen 
with  Mesh. 

with  Mesh. 

Broken 

2i 

2 

i 
i 
i 

Unscreened 

Egg 

2i 
i 

i 
i 

Unscreened 

rfoo 

Pea 

Buckwheat  No.  i. 
Buckwheat  No.  2 . 
Run  of  mine 

(o)  Coal  dust,  produced  in  mining  the  material,  is  almost 
always  a  waste  product.  Such  dust  is  now  successfully  used  in 
firing  rotary  kilns  and  similar  apparatus,  but  is  seldom  used  (or 
ordinary  power  purposes  although  special  devices  for  burning 
it  under  boilers  and  in  producers  have  been  used  to  a  limited 
extent. 

Coal  dust  and  similar  waste,  known  collectively  as  "  culm ' ' 
may  represent  from  10  per  cent  to  as  high  as  50  per  cent  of  al 
the  coal  recovered  from  the  mine.     It  is,  therefore,  apparen* 
that  sooner  or  later  some  method  of  utilizing  this  waste  i^i 
ha\'e  to  be  adopted  because  of  the  decrease  in  the  available  supples 
of  coal.     Such  material  has  been  ver>''  successfully  recovered  i:^ 
Europe  by  forming  it  under  high  pressure  into  briquets  in  w^hid^ 
such  materials  as  pitch,  resins,  wax  tailings,  starch,  and  several/ 
inorganic  salts  are   used   for   **  binders."     These  briquets  caji 
often  be  used  more  efficiently  than  ordinar>'  lump  fuel,  because 
of  their  uniformit>-  of  size,  advantageous  shape,  and  general  goorf 
Ix^havior  in  the  furnace;  hence  it  often  proves  to  be  economical 
to  purchase  briquets  at  a  slightly  higher  price  than  that  asked 
for  similar  lump  coal.t 

228.  Coke  is  the  solid  material  left  after  dri\-ing  off  the 
volatile  jviri  of  cixil  by  heating  with  total  or  partial  exclusion  of 
air.  Only  cxTtain  axils  yield  coke  of  commercial  value.  Nearly 
all  of  the  coke  made  is  used  in  metallurgical  processes,  and  but 

little  as  yet  for  power  purposes. 

*  rhcrv  are  a  number  oi  other  >izes.  such  as  "  stove."  **  chestnut."  etc.  whkh 
r.vxv.    :.o:    K"   v.vr^i«.lerevi   here   as   ihey   are  not  commonly  used   in   beat-power 

'  V  T  i -".vest ici: ions  relating  ro  the  manufacture  and  utflizatioii  oc  briquets 
ur.cc T  Vmerio^an  cotiditions  see  bulleuns  01  the  IT.  S.  GeoL  Sun-e>-  and  ai  the  U.  Sw 
Bureau  o:  Mines* 
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ICoke  contains  from  80  to  93  per  cent  of  fixed  carbon,  from  5  to 
\  per  cent  of  ash,  from  0.5  to  1,5  percent  of  sulphur,  and  traces 
volatile.  It  is  interesting  to  note  that  the  volatile  is  not 
btircly  eliminated,  and  that,  as  all  the  ash  in  the  coal  remains  in 
E  coke,  the  percentage  of  inert  matter  present  in  the  product 
lUst  be  greater  than  that  in  the  original  material. 
The  calorific  value  per  pound  of  combustible  is  about  the  same 
s  for  carbon;  that  is,  it  is  in  the  neighborhood  of  14,600  B.i.u. 

229.  Wood,  {a}  As  wood  is  about  half  moisture  when  felled, 
|$t  must  be  dried  before  it  is  of  much  value  as  fuel.  Air-dried  wood 
nerally  has  from  15  to  20  percent  of  moisture,  about  50  per 
nt  of  carbon,  from  i  to  2  per  cent  of  ash,  and  the  rest  is 
aiile  matter,  largely  inert.  The  heat- value  per  pound  of  dry 
jatcrial  is  from  6600  to  9800  B.t.u. 

I  When  other  cheap  fuel  is  available  wood  is  not  generally  used 
r  power  production.  However,  refuse  from  sawmills  and  other 
1-working  factories  may  be  profitably  utilized. 
I  (b)  Charcoal  is  made  from  wood  in  much  the  same  manner 
at  coke  is  made  from  coal.  It  is  ordinarily  used  in  power 
Jits  only  when  it  is  the  by-product  of  some  local  process,  such 
p  the  manufacture  of  turpentine  or  wood  alcohol.  It  may  con- 
tn  from  80  to  97  per  cent  of  carbon,  depending  on  the  tempera- 
lire  and  treatment  used  in  carbonizing  it. 

I  230.   Municipal  and  Industrial  Waste.     In  cities  and  Indus- 

I  centers  there  is  a  constant  accumulation  of  combustible 

laste  and  in  some  cases  this  material  is  burned  directly  as  fuel, 

^  or  it  is  gasified  in  suitable  apparatus  and  the  resultant  combustible 

gas  used  as  fuel.     Installations  of  this  character  are  still  rare  but 

are  of  growing  commercial  importance. 

231.   Natural  Oil  and  Its  Products,     (a)  Petroleum,  or  Crude 
il,  has  come  into  extensive  use  as  fuel  in  the  last  twenty-fi^'e 
It  is  a  more  or  less  viscous,  dark  brown  or  greenish 
stored  liquid  occurring  in  natural  reservoirs  in  the  earth's  crust. 
c  reservoirs  may  be  subterranean  pockets,  but  are,  in  general, 
Bicnl-sa titrated  strata  buried  beneath  other  strata  which  are  prac- 
tically impervious  to  petroleum. 

(b)    Petroleum  in  its  crude  lorm  generally  has  a  specific  gravity 
ween  0.82  and  0.92.     It  is  a  mixture  of  various  hydrocarbons 


ifJt  BULZ-POSTEJi  ilTJ7jri22rJ^C- 


rr,-:'.  v  :  .■  i  >rr  i^r.*.   .•:'  '.nr^zrrr.  in  ^bt^r  c-'.cniiiisrriui.      Tik  ji^tet 

22  yy.  B  *.- 

c     Mir}     :  rhr  n^i.r*^  highly  innaniTiiibjt  vriiiirlj 

•.*rr.':  t'j  ■'::-•:!!  '-»f:  ^'Tj^fr.  '.'r.^  oil  i*  l»r.»*j*±ii  •:■  "ITh  *i 

ar.a  ir  *r\:v./?^  *v  i'.r^jv^T.'h'rric  c:»nd::i:ci=-.     Tbtrst-  ~. 

of  -Ar-i'-h  ry.'-"  i'  •.*r:r-;jera:'jre*  i«  j-»»-  a*  So*  F.    2r^  usdiT:.-  <5«- 

t:!'-'.-^:  of:  pr'-'LT-t^ve/."  :r.  a  refinery.     The  ci>riILBr>:c  pradacs 

itj'"^:  -.orr.rj'^r.Iy  u^ed  ar  :  jtir  are  naph'Jia-  ^=ta*ciiine-  kgr-rtsiffv-,  ^rsd 
c  1  - •  i !  *  i V: .  fci '.  en  : r.  order  of  decreardn^  inSain2i£tbtHT>"  az^z  irkcncas- 
ir.;:  'i-.-r.-iry  iTid  di^'-illation  TempieraTure-  The  greater  nan  -x  :be 
r'rr-.iir.der  '•jar.  Ix:  ^/id  a-   "  fuel  oil.'" 

d  Gz:oi:KJf  i«  the  name  giver,  to  ihe  group  c<  bycrrs 
vkhiih  '::-•:!]  of:  a:  temrxrra'.ures  t<r:ween  150  and  wo'  F. 
lir.-rr  of  ".irioj-  ''jjf^.ifif  '^r&^z'Airr  are  obtained  by  fra 
th-r  rr.a:er:i!  o'v*.a:n*.-<i  Iv'wtr^n  :hese  lemrieraTuTi 
j:r<:v:-:e-  ^  orr'rr;y^nd:r.;:  '.  j  the  lower  Temprra:i:r>e^-  T*ne  c«n- 
nior.e-*  ;:ra/ie-  r^r.'c*.-  fr Mm  74  :o  64  dei:r€ie>  gAs»"-*IJne  a*  nxasurcd 
by  :i  H^um*'  hy^jT  jm^rj-'T .  The  c  )rri-7ondir.g  s-r^ecinc  gra\-iaes 
are  o/>0  ar.d  0.722.  The  relative  :»rjpor:3on>  oi  carton  and 
h;.-:'  't'-r:  in  j'l-^^Iir.e-  are  r-jUih'y  >?  per  cen:  and  15  per  cer.:. 
>.:  '[  *:.'-  low-r  '.al'^j-rir.v  value  i-r  a>iu:  iq.200  B.i.u.  per  pr-und. 
'!:.•:  rii-h  :yj:u\  'A  ^vi-^^line.  :ha;  i-.  the  temperature  at  which 
r"'i'::':.  ::.v.'irr.m.-i'. !•:  '.iijyjr-  are  ^ivirn  of:  from  an  exposed  surface. 
:-  ^.-r.'Ti!!;.  *a-"  >:.o"a'  70'  F. 

e  A''*"  ' »:*  i-  '.hv  Ti^mv  '.*f  the  next  important  groKip  of 
h'.'ir  •■.-.'"•■' :>  -.vh:  *-.  'ii-'il!  ovrr  after  the  gasolines.  Their 
->■::'.  ^-ivi'v  i-  :>  -rr.  0.7'^  'o  o>2  und  the  flash  {x^int  is  Ircmi 
7M  •  •  .:••  -J'  I-'/  F.  f'/r  :he  diru-rt-nt  i:rade<.  The  B.t.u.  per 
J »■•■.::.  :  ■ -f  k'T-.— .t.*.-  i-  -.iN'-ut  \^.^<.^)  lower  value. 

f  / '. { • ."  '^ > : .' .  h a\i n L* ! i " t J e  h i c h  1  y  \* i! a t i k-  m at t er.  can  be  handkd 
without  d;in;ier  and.  Ix-in^  ver\'  rht-ap.  i-  quite  widely  used  under 
boiler?  and  in  fumare>.     The  I'nver  calorific  value  per  pound  is 
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extremely  variable,  but  may  be  taken  roughly  at  18,000  B.t.u. 
per  pound. 

(g)   The  higher  calorific  value  of  U.  S.  petroleum  and  its  dis- 

illates,  ranging  from  crude  oil  to  gasoline,  varies  quite  regularly 

nth  the  specific  gravity  of  the  material,  and  is  expressed  ap- 

Toximately  by  the  following  formula,*  which  may  be  assumed 

correct  within  2  per  cent, 

B.t.u.  per  pound  =  18,650  +  40  (B  —  10).  .  .  (335) 
In  which  B  =  degrees  on  the  Baum^  hydrometer.  Since  the 
Baum^  scale  increases  as  the  density  of  the  material  becomes   , 

,  this  formula  indicates  that  the  lighter  distillates  have 
greater  heat  values  than  the  heavier  ones,  when  figured  on  a 
weight  basis.  The  reverse  is  true  for  heat  value  per  gallon,  a 
Ht  commonly  used  with  liquid  fuels;  hence  a  barret  of  light 
•troleum  distillates  of  any  kind  will,  in  general,  have  less  heat 
value  than  a  barrel  of  heavier  distillates  or  of  the  original  oil 
free  from  water. 

23a.   Alcohol,     (a)     Both     Methyl     ("Wood  ")     and     Etkyl 

("  Grain  ")  alcohol  are  used  as  fuel  to  a  limited  extent.     Methyl 

Icohol  (CtltO)  is  poisonous  and  is  produced  during  the  dr>'  dis- 

illation  of  wood.     Ethyl  alcohol  {CtH^O)  is  made,  by  a  fermen- 

ation  and  distillation  process,  from  grain,  fruit,  or  vegetable 

natter  containing  starch  or  sugar. 

(b)   The  material  known  as  Denatured  Alcohol  consists  of  ethyl 

'Alcohol  with  the  addition  of  from  i  to  10  per  cent  of  Methyl 

.alcohol  and  other  substances  which  prevent  its  use  in  beverages 

and  give  it  an  unpleasant  odor.     Commercial  alcohol  generally 

also  contains  10  per  cent  or  more  of  water  by  volume. 

Denatured  alcohol  has  many  theoretical  and  practical  advan- 
ges  over  gasoline  as  a  fuel  for  certain  purposes,  but  at  present 
i  relative  cost,  in  this  country  at  least,  is  so  great  as  to  prevent 
i  extensive  use. 

{c)  The  higher  calorific  value  of  Absolute  Ethyl  alcohol  (i.e. 
containing  no  water)  is  about  15,000  B.t.u./lb. ;  the  lower  value 
i  about  12,000  B.t.u./lb.  The  heat  value  of  "  Commercial  " 
tcobol,  containing  about  10  per  cent  of  water,  by  volume,  varies 
'ith  the  materials  used  in  denaturizing.  The  lower  heat  value 
I  generally  near  10.500  B.t.u, /lb. 

•  H.  C.  Sherman  and  A.  H.  Kropff,  Jour.  Am.  Chem.  Sue.,  Ocl..  ii»8. 
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233.  Natural  Gas.  (a)  This  material  is  found  in  various 
places,  but  particularly  in  certain  regions  of  the  United  States, 
either  escaping  through  cracks  and  faults  in  the  earth's  crust, 
or  held  at  high  pressure  in  huge  underground  reservoirs  whidi 
may  be  tapped  by  drilling  wells  similar  to  those  used  for  ob- 
taining oil;  in  fact,  most  oil  wells  yield  a  certain  amount  of 
natural  gas. 

(b)  Natural  gas  is  a  mixture  of  combustible  and  incombustible 
gases,  the  latter  generally  occurring  in  very  small  quantities. 
The  proportions  and  even  the  constituents  of  the  gas  are  seldom 
the  same  in  different  districts  and  occasionally  vary  unaccount- 
ably even  in  the  same  well. 

The  principal  combustible  constituents  are  Methane  (CH^^  and 
Hydrogen  ( Hi).  The  former  generally  occurs  in  far  greater  pro- 
portion than  the  latter.  The  other  combustible  gases  which 
usually  occur  in  very  small  proportions  are  Carbon  Monoxide, 
(CO),  sulphur  compounds  such  as  Hydrogen  Sulphide  ( HtS)^  and 
certain  hydrocarbon  gases,  such  as  Ethylene  (CiHO,  and  others. 

The  principal  incombustible  constituents  are  generally  small 
proportions  of  Carbon  Dioxide  (COt),  Nitrogen  (Nt),  and  Oxy- 
gen (Qs),  if  this  latter  may  be  considered  an  incombustible. 

(c)  Natural  gas  is  an  ideal  form  of  fuel  for  many  industrial 
purposes,  and  is  readily  piped  distances  of  one  hundred  miles  and 
more  for  use  in  industrial  centers  far  from  a  natural  supply. 
Unfortunately  many  of  the  wells  are  becoming  exhausted  and 
the  price  is  rising  in  proportion. 


TABLE  XVIII.*  — TYPICAL  ANALYSES  OF  NATURAL  GAS. 


Locatkxi  of  Pidd. 


Analjrses  in  Vc^nmes.  Per  Cent. 


1= 


I  . 

S       sa 


•5  •  ^M  -^   ^      .  ^krf      S   -. 


Andcrson.  Ind 1.86  93-07   0.47    o.a6 
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*  Abstracted  from  Table  in  "Cabhac  Valae  of  Paels."  Hemua  I\)ote.  p.  241. 


Table  XVIII  gives  some  typical  analyses  of  natural  gas  from 
rveral  different  districts.     The  lower  calorific  value  generally 
Evaries  from  about  950  to  1000  B.t.u,  per  cubic  foot. 

334.   Artificial  Gases,     (a)  The  principal  artificial  gases  are 
"made  from  coal  or  crude  oil,  but  there  are  also  many  processes 
for  producing  combustible  gases  from  vegetable  and  animal  by- 
products and  wastes.     Many  of  the  latter  are  successful  in  iso- 
lated cases  but  they  are  not  yet  of  great  commercial  importance, 

(b)  Most  of  the  artificial  gases  are  made  either  by  destructive 
distillation,  by  partial  combustion,  by  chemical  decomposition, 
or  by  various  combinations  of  these  processes. 

Destnic-tive  distillation  occurs  when  the  gas-making  material 
is  heated  in  a  chamber  from  which  air  is  more  or  less  perfectly 
excluded,  Illustrations  of  gases  made  by  this  process  are 
"  Illuminating,''  "  Retort,"  or  "  Town  Gas,"  used  for  illumi- 
nation, and  gas  made  in  "  By-product "  or  "  Retort  Coke 
Ovens  "  used  tor  illumination  and  power, 

I"  Producer  Gases  "  are  the  best  examples  of  those  which  in 
theory  are  made  by  a  process  of  incomplete  combustion.  Practi- 
cally this  is  always  more  or  less  combined  with  chemical  de- 
composition. These  gases  have  become  so  important  of  late 
ih  connection  with  the  internal  combustion  engine  that  they 
will  be  discussed  later  in  a  separate  chapter. 

(c)  The  use  of  artificial  gases  as  fuel  in  internal  combustion 
engines  results  generally  in  a  greater  output  of  available  energy 
than  would  tlie  use  of  the  solid  fuels,  from  which  the  gases  are 
made,  in  other  heat-power  apparatus;   hence  these  gases  may  be 

I  expected  to  become  more  and  more  important  with  the  depletion 
I  of  the  natural  stores  of  fuel  and  with  the  growth  of  the  spirit  of 
I  conservation  of  the  earth's  resources. 


CHAPTER  XXVIII. 
COMBUSnOH. 

235.  Definitiona.  (a)  To  the  engineer  Combustion  means  the 
chemical  combination  of  certain  elements  ¥rith  oxygen  at  such  a 
rate  as  to  cause  an  appreciable  rise  of  temperature. 

Practically  all  chemical  reactions  are  accompanied  by  libera- 
tion or  absorption  of  heat.  When  heat  is  liberated  the  reaction 
is  called  exothermic;  when  heat  is  absorbed  the  reaction  is 
called  endothermic. 

(b)  During  these  reactions,  with  other  conditions  constant, 
(i)  the  amount  of  heat  energy  liberated  or  absorbed  is  independ- 
ent of  the  time  occupied;  and  (2)  for  any  material  taking  part 
in  the  reaction,  the  heat  change  is  directly  proportional  to  the 
mass  of  that  material. 

(c)  Materials  which  can  be  caused  to  unite  with  oxygen  to 
produce  heat  are  known  as  Combustibles.  For  engineering  pur- 
poses they  are  limited  to  Carbon  and  Hydrogen;  these,  either 
pure  or  in  various  combinations,  constitute  practically  the  entire 
stock  of  available  combustibles,  although  a  trace  of  sulphur 
usually  appears  as  an  impurity. 

(d)  In  heat-power  engineering  the  object  of  combustion  is 
either  the  production  of  heat  directly,  or  the  formation  of  a  more 
suitable  kind  of  combustible,  such  as  gas  or  coke,   from  the^ 
original  material. 

Useful  combustion  data  are  given  in  Table  XIX.  In  it  the 
values  of  specific  densities  and  volumes  are  given  for  an  average 
atmospheric  temperature  of  62°  F.  as  well  as  for  32**  F. 

236.  Combustion  of  Carbon,  (a)  Carbon  is  the  principal  com- 
bustible in  nearly  all  engineering  fuels.  This  element  combines 
with  oxygen  to  form  two  oxides,  —  Carbon  monoxide  {CO),  and 
Carbon  dioxide  (CO2).  If  CO  is  formed,  the  combustion  is  said 
to  he  "  incomplete  " ;  if  CO2  is  formed,  it  is  said  to  be  '*  complete  " 

feet.'* 
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b .  The  reactioiis  occurring  durii^^  combustion  may  be  ex- 
pressed by  chemical  equations,  the  s^nmbols  used  standing  for 
dennite  proportions  by  mass  or  weight.  For  engineering  pur- 
poses the  atomic  weight  of  Carbon  may  be  taken  as  12,  that  of 
Nitrogen  as  14.  and  that  of  Chc\'gen  as  16. 

c  When  cartx>n  and  oxygen  combine  to  form  Carbon  Dioxide 
the  reaction  is  expressed  by 

r  +  0.  =  C0.; (336) 

the  '^eights  combined  are 

12  of  C  +   2  X  16)  of  O  =  44  of  COt, 

and  dividing  this  by  12  gives 

1  of  C  --  2§  of  O  =  3|  of  COt.       .     .     .     (337) 

Thus  if  1  pound  of  carbon  unites  with  2§  pounds  of  O  the  result 
is  3 1  pounds  of  CO*.  It  is  also  found  that  ktat  equal  to  about 
14.600  B.t.u.  is  liberated  per  pound  of  carbon  when  this  reaction 
occurs. 

d  WTien  carbon  is  burned  to  Carbon  Monoxide,  the  reaction 
is  expressed  bv 

2C  +  ft  =  2C0; (338) 

the  weights  combined  are 

;2  X  12)  of  C  -i-  !2  X  16)  of  O  =  56  of  CO, 

and  dixnding  this  by  24  gives 

1  of  C  -h  i|  of  O  =  2i  of  CO.       .     .     .     (339) 

The  heat  liberated  is,  in  this  case,  about  4500  B.t.u.  f>er  pound 
of  carbon. 

e*    The  gaseous  CO  formed  as  above  can  be  burned  to  CO*. 
The  reaction  is 

2  CO  +  Ot^  2  CO*: (340) 

the  'a.'eights  combined  are 

\2  X  :  12  4-  161 ;  of  CO  +  (2X  16)  of  O  =  88  of  CO2. 

and  dividing  this  by  24  gives 

25  of  CO-h  i^of  0  =  3lof  CO*.     .     .     .     <34i) 

Thu>  the  2\  pounds  of  CO.  which  would  result  from  the  com- 
bination of  1  pound  of  carbon  as  in  Eq.  »339U  would  combine 
with  i\  pounds  of  O  to  form  35  p<:)unds  of  CO*- 

This  reaction  is  accompanied  by  the  liberation  of  heat  equal  to 
abt)Ut   10.100  B.t.u.  per  pound  of  carbon.     Therefore  the  heat 
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I  per  pound  of  carbon  monoxide  gas  must  be  10100/2J  => 
I  4300  B.t.u. 

The  specific  volume  of  CO  is  12.81  cu.  ft.  at  32"  F.  and  14.7 
pounds  pressure.  Hence  the  heat  liberated  percu.fl.  of  CO  under 
these  conditions  is  4500  -h  12.81  =  335  B.t.u.  As  CO  is  a  con- 
stituent of  many  commercial  fuel  gases  and  as  these  are  usually 
measured  volumetrically  instead  of  gravimetrically,  this  value 
lient  for  determining  the  heat  available  due  to  the  CO 
present. 

(f)    Equations  expressing  bolh  the  reaction  and  the  libeia- 
ion  of  heat  pur  pound  of  material*  may  be  written  as  follows: 

C  +  Oi  =  CO^  +  (14,600  B.t.u.  per  pound  C)     .     .  (342) 

2C  +  0i  =  2C0  +  (4500  B.t.u.  per  pound  C)      .     .  (343) 

2C0  +  0,  =  2C0,+  |     (/o.ioo  B.t.u.  per  pound  C)  (344) 

(or  {4300  B.t.u.  per  pound  CO)  (345) 

Noting  that  4500  +  tu.too  =  14,600,  it  is  evident  from  these 
equations  that  when  carbon  is  burned  to  COi,  the  ultimate 
results  are  the  same  whether  the  process  takes  place  in  one  or 
in  two  steps. 

Further,  if  part  of  the  pound  of  carbon  (say  Ci  pounds)  is 
burned  to  COt  and  the  rest  (Q  pounds)  to  CO,  the  heat  liberated 

B.t.u.  =  14.600  C  +4500  C,.       ...     (346) 

Cg)  If  heat  is  the  object  of  combustion,  the  carbon  should  of 
;  be  burned  to  carbon  dioxide  rather  than  to  carbon  mon- 
If  CO  is  formed  instead  of  COt.  the  proportion  of  the  heat 
tet  is  (10,100/14,600)  =  .6q  +.  or  about  70  per  cent.  If.  how- 
fver,  the  CO  is  burned  later,  the  rest  of  the  heat  may  be  recovered. 

•  As  «fiU  be  *e«i  later,  il  U  sometimes  more  convenient  to  modify  Equation  (34J) 
^ao  that  ihc  beat  quantity  aa  well  as  symbol  C  will  correspond  to  ti  lbs.  of  carbon 
]  (the  pounds  Iwing  laten  as  numerically  equal  10  the  molecular  weight  of  C  involved). 
I  The  equation  then  becomes 

C  +  O,- CO1  + 175.100 (34111) 

^irb«rc  i7S,ioo  =  ii  X  T4,6oo. 

SimilBrly.  tor  the  ^  lbs.  oi  carbon  represented  by  2  C  and  by  1  CO,  Eqs,  (543) 
r  Slid  (344)  become 

.iC  +  CP,=  2  CO  +  108,000 (.143a) 

Ipnd  I  CO  4- 0,  =  )  CO,  +  143.400 (3440) 

K'fa  whicb  ioS,ooo  =  34  X  4500,  and  .'47,400  =  14  X  lo.ioo. 
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Wlien  there  is  less  than  enough  ox\*g!en  to  bum  the  carbon  to 
carbon  dioxide,  both  CO*  and  CO  will  be  formed  and  the  relative 
arr.ount>  of  each  can  be  determined  in  the  follo^'ing  manner: 
Ar-ume  first  that  there  is  1  per  cent  deficienc>'  in  the  oxyg^ 
?uppl>-  needed  to  form  CO.  and  that  in  consequence  99  per  cent 
o:  the  carbon  is  burned  to  CO2  and  1  per  cent  remains  C;  then 
a—ume  that  this  1  per  cent  of  C  combines  with  some  of  the  Cft 
according  to  the  equation  C  -I-  CO*  =  2  CO:  thus  it  is  seen  that 
there  is  finally  2  per  cent  of  the  carbon  present  in  CO  and  98  per 
cent  in  CO*.*  In  general,  then,  if  there  is  v  per  cent  deScienq' 
of  oxygen  there  will  be  2v  per  cent  of  the  carbon  burned  to 
carbfjn  monoxide  instead  of  to  CO*.  Hence  from  the  preceding 
paragraph  it  follows  that  ^-ith  v  per  cent  deficienc>^  of  ox>'gen 
there  is  2  X  -7*3*  per  cent,  or  1.4  v  per  cent  less  heat  de\*eloped 
than  if  all  the  carbon  were  burned  to  COz.  The  great  importance 
of  having  a  sufficient  supply  of  oxygen  is  thus  apparent. 

The  discussion  in  the  preceding  paragraph  presupposes  that 
the  oxygen  supply  is  at  least  sufficient  to  bum  all  the  carbon  to 
CO,  —  that  is.  that  the  deficiency  is  not  more  than  50  per  cent 
on  a  basis  of  combustion  to  CO*.  Should  y  be  greater  than  50 
per  cent,  some  of  the  carbon  will  not  be  bume4  at  all.  The  per- 
centage not  affectcxi  will  be  2  i  v  —  50K 

h  It  is  sometimes  possible  to  reverse  chemical  reactions,— 
in  the  present  case,  for  instance,  to  break  up  one  of  the  oxides 
into  the  original  elements.  WTien  this  is  done  the  same  amount 
of  heat  will  Ix?  absorbed  during  the  decomposition  as  was  origi- 
nally liberated  during  combination. 

Thus,  if  it  is  possible  to  break  up  the  quantity  of  CO*  con- 
taining a  Tx^unci  of  carbon  into  the  elements  C  and  O,  it  inill 
require  an  expenditure  of  14,600  B.t.u.  Similarly,  it  will  require 
lo.KMJ  B.t.u.  to  reduce  to  the  monoxide  CO  an  amount  of  COi 
containing  one  pound  of  carbon,  and  4500  B.t.u.  per  pound  o( 
rarijon  will  be  consumed  in  separating  CO  into  its  elements. 

237.  Weights  of  Oxygen  and  Air  Necessary  for  Combustion 
of  Carbon.  It  was  >hown  that  for  each  pound  of  carbon  burned 
to  CO-  there  are  requirtxl  2§  pounds  of  oxygen,  or  l§  pound  of 

"  Tiiv-c  statements  shniilil  l»c  limited  to  take  account  o£  certain  **  equilibrium** 
coH'li'i  •:i>  which  will  be  ili>cus<ed  in  a  later  chapter.  For  the  present  purpose, 
however,  ihev  are  suiVicicntiv  exact. 
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formed.  If,  as  before,  Ci  and  C,  are  the  weights  of 
irbon  burned  respectively  to  COs  and  to  CO,  then  the  number 
I  pounds  of  oxygen  used  are 

Pounds  of  0  =  2|C,  +  iiC,.      .     .     .     (347) 


TABLE 

XX  - 

-PROPERTIES  OF  AIR 

RiJatiyc  PromB* 

Ratio  ol  Air 

Ratio  o(^ 

Sp«.Wl, 
"prB?' 

Sp«.  Vol. 
'  PnS!" 

Bind. 

Aw«.. 

Euet. 

Awnw, 

B'BCt. 

Approi. 

3.- 

62" 

,• 

..■ 

Si,:. 

4.TB 

*  J* 

J>7 

3  J» 

ooSwi 

"^ 

...« 

UM 

S[«ilw  Hall. 

f>-»  MS      1   r.-o.,6. 

I  Sinfc,  ill  ordinary  engineering  work,  pure  oxygen  cannot,  in 
iencral,  be  conveniently  obtained,  it  is  customary  to  utilize  the 
ptygen  of  the  atmosphere.  Tabic  XX  shows  that  air  is  composed 
y  weight  of  about  23  parts  of  oxygen  and  77  of  nitrogen ; '  thus 
Pthe  ratio  of  air  to  the  oxygen  it  contains  is  about  100/23=  4-35. 
and  of  nitrogen  to  oxygen  is  about  77/23  =  3.35.  Hence,  for  each 
pound  of  oxygen  supplied  there  must  be  used  4.35  pounds  of  air 
containing  3.35  pounds  of  inert  nitrogen.  An  equation  for 
finding  the  weight  of  air  required  to  bum  Ci  pounds  of  carbon 
to  COi  and  Cy  pounds  to  CO  can  therefore  be  found  by  multi- 
plying both  sides  of  Eq.  (347)  by  4.35-  This  gives  (approxi- 
mately)! 

Poundsof  Air=  i[.6C,+5.8C,.   .     .     .     (348) 

236.   Volumes  of  Gases  Involved  in  Combustion  of  Carbon. 

(a)  The  combustion  formulas,  like  other  chemical  formulas 
involving  gase.s,  can  he  read  in  terms  of  molecules  and  of  volumes 
as  well  as  in  terms  of  weights.     Thus 

2C  +  0i  =  2  CO 
may  be  read.  "  two  atoms  of  carbon  unite  with  one  molecule  of 
oxygen  to  form  two  molecules  of  carbon  monoxide."    But  accord- 

*  Tliis  is  the  ctimmon  engineering  assumption.  Atmospheric  air  always 
cantains  carbon  diruiidc  and  waler  vapor  as  well  as  a  few  rare  gases  such  as  argon. 

t  The  quantity  1  r.6  (often  taken  as  1 1),  representing  the  weight  of  air  required 
(or  complete  cnmbusUon  of  aar  pound  of  C,  will  be  frequently  used  by  the  student 
hercadcr;   hence  il  should  he  remernbcred, 
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ing  to  Avogadro's  law  the  same  number  of  molecules  are  con- 
tained in  equal  volumes  of  all  the  different  gases  when  at  the 
same  temperature  and  pressure.  Therefore,  since  ever>'  molecule 
of  oxygen  in  a  given  volume  of  gas  is  capable  of  >'ielding  two 
molecules  of  carbon  monoxide,  it  follows  that  one  volume  of 
oxygen  ^ill  yield  two  volumes  of  CO,  both  being  measured  at  the 
same  temperature  and  pressure. 
Similarly  the  equation 

shows  that  one  volume  of  oxygen  \*ields  one  volume  of  carbon 
dioxide;   and  the  equation 

2  CO  +  Oj  =  2  COt 

shows  that  two  volumes  of  carbon  monoxide  combine  with  one 
volume  of  oxygen  to  form  only  t^o  volumes  of  carbon  dioxide. 

\b)  In  the  first  case  cited  there  was  an  increase  of  gas  volume, 
in  the  second  there  was  no  change,  and  in  the  third  there  was  a 
diminution.  If  the  gases  appear  in  terms  of  molecules  (Oj,  JVi, 
//;.  CO,  etc.)  in  the  chemical  equations,  the  coefficients  of  the 
molecule  symbols  represent  relative  volumes. 

ic)  Since  air  is  composed  of  about^i  parts  of  oxygen  and 
79  parts  of  nitrogen  by  volume,  every*  volume  of  atmospheric 

oxygen  will  carr\'  with  it  —  =  3.76  volumes  of  nitrogen. 

When  air  is  used  to  support  combustion  the  nitrogen  takes  no 
chemical  part  in  the  reactions  considered  but  simply  mixes  with 
the  products  of  the  combustion  and  is  known  as  a  diluent.^ 

A  simple  relation  can  now  be  shown:  Since  the  volume  of 
CO2  formed  by  combustion  of  carbon  equals  the  volume  of  the 
ox\gen  used  in  the  process  and  since  oxygen  forms  21  parts  of 
air  by  volume,  it  follows  that  with  *'  complete  "  combustion  the 
pnxiucts  will  consist  of  21  parts  COt  and  79  parts  A"  by  volume 
wht-n  IT  >t  diluted  by  the  presence  of  excess  air. 

d  Then  if  the  carbon  is  burned  in  air  and  if  analvsis  of  the 
"  flue  "  gas  shows  that  the  volume  of  CO*  is  less  than  21  per  cent, 
it  toll'jws  that  either  1 1 )  there  is  more  air  present  than  is  required 
for  complote  combustion,  the  excess  acting  as  a  diluent,  or  (2) 
that  there  is  a  deficiency  of  air.  with  the  result  that  only  a  part 

■  Ir.der  <*  »me  C'>n»iiii>ns  jvart  o:  the  mtn>s:en  bums  l'«  an  oxide,  but  the  quantity 
thuf  cjiiiumed  ii  scLiU  in  all  the  oniinan-  engineering  processes. 
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of  the  carbon  is  burned  to  CO2,  the  rest  appearing  in  CO,  If  the 
percentage  of  COt  is  less  than  21  and  no  CO  is  found  in  the  flue 
gas  it  indicates  that  there  is  excess  air;  and  if  CO  is  present 
there  is  a  deficiency.* 

(e)  The  percentage  of  COi  by  volume  In  the  flue  gas  mixture 
can  be  computed  for  any  condition  of  combustion,  by  using  the 
following  formula, 

Per  cent  of  COi  by  vol.  =  * 


total  vol.  of  gas 


X  100 


wV 


X  100  =  X.- 


wV 


X  100, .     (349) 


{wV)  +  {wV)i  +  etc.  ""  —       S  {wV), 

in  which  w  =  weight  of  CO2  present  in  the  mixture, 

ici,  W2j  etc.  =  weights  of  the  other  gases  present, 

V  =  specific  volume  of  CO2, 
Vi,  V2,  etc.  =  specific  volumes  of  the  other  gases. 

The  specific  volumes  of  gases  are  given  in  Table  XIX. 

(f)  If  an  excess  of  air  is  supplied,  say  x  per  cent  more  than  is 
required  for  perfect  combustion,  the  maximum  per  cent  of  CO^ 
by  volume  which  could  be  present  iivthe  flue  gas  can  be  computed 
in  the  following  manner,  based  on  the  combustion  of  07te  pound 
of  carbon.  In  this  case  the  combustion  of  the  pound  of  carbon 
will  result  in  3f  pounds  of  CO2;  it  will  theoretically  require  11.6 
pounds  of  air;  there  will  be  0.77  X  1 1.6  =  8.9  pounds  of  nitrogen 
accompanying  the  oxygen  used  for  combustion;   and  there  will 

be  { 1 1 .6  X  — )  pounds  of  excess  air.    The  following  table  gives  the 

weights  {w)  of  gas  present  per  pound  of  C  burned  to  CO2,  their 
specific  volumes  (V)  at  62°  F.,  and  the  products  of  these  quan- 
tities (^V). 

TABLE   XXI.  —  FLUE   GAS   CONSTANTS. 


Gas. 

w 

v„ 

tt'V 

1 
COi            1 

3l 

8.62 

31.6 

N(»40rtHf^)     i 

8.9 

1        13-60 

121  .0 

1 

Air 

1 

II  .6  X 

ICX) 

1 

i 

1314 

1.52  .t 

*  These  statements  should  be  limited  to  take  account  of  certain  "  equilibrium  *' 
conditions  discussed  in  a  later  chapter.  For  the  present  purpose,  however,  they 
are  sufliciently  exact. 
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The  sum  of  the  last  column  is, 

2  (wV),  -  31.6+  121.0  +  1.52  s:  =  152.6+  1.52  X 


Then  from  Eq.  (349)      * 
Per  cent  COt  by  vol.  = 


-(.+4) 


X  100,  approx.,     (350) 


which  gives  the  proportion  of  COt  in  the  flue  gas, 

(g)  Again,  since  the  per  cent  of  COt  by  volume  decreas** 
directly  as  the  quantity  of  total  air  is  increased,  it  is  evident  frcw^ 
(c)  that 

Per  cent  COi  by  volume  =  21  H-  (l  +  jc/'oo).     ■     (5S^ 

in  which  x,  as  before,  represents  percentage  of  excess  air.  Si  — ^ 
plifying  Eq.  {350)  results  in  the  same  equation  (approximateiiL  - 
The  relation  of  the  COt  to  x  is  shown  in  Fig.  316  by  the  curve  -^ 
the  right  of  oO. 
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Fig.  316. 

(h)  The  expression  (l  +  jr/ioo)  is  known  as  the  excess 
coefficient  X.  In  words,  —  the  excess  coefficient  is  the  number 
by  which  the  theoretical  amount  of  oxygen,  or  air,  required  must 
be  multiplied  to  find  that  actually  supplied. 

If  the  COt  percentage  is  known,  and  if  the  combustion  is 
complete  (and  only  in  that  case)  the  per  cent  of  excess  air  x, 
can  be  found  from  Eq.  (351).     Thus 


J>er  cent  COt 


(35i) 


(i)    For  the  case  of  complete  combustion,  the  percentage  <rf 


(354) 
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excess  air  can  also  be  found  when  both  the  total  volume  (,N)  of 
nitrogen  and  the  volume  (Oi)  of  thai  part  of  the  oxygen  which 
remains  free  after  combustion  are  known.  The  volume  of 
nitrogen  accompanying  the  excess  oxygen  is7{)/'2i  X  0,  =  3.76  0„ 
and  that  corresponding  to  the  oxygen  used  in  combustion  is 
N  —  3,76  0,.  Hence,  since  the  nitrogen  undergoes  no  change, 
the  percentage  of  excess  air  is 

X  =100  (3.76  0.)  -^  CA'  -  376  0-).      -     .     (353) 
and  the  excess  coefficient  is 

100  N  -  3,760, 

(i)  In  most  cases  it  is  possible  to  have  incomplete  combuslion 
of  part  of  the  carbon  although  sufficient  air  is  present,  since  the 
air  may  not  be  properly  distributed.  In  such  cases  x  and  X 
can  be  determined  if  the  volume  per  cent  of  CO  is  known  in 
addition  to  the  jVand  0.  Since  each  volume  of  CO  present  could 
have  combined  with  half  tts  volume  of  oxygen  to  form  COt,  it 
follows  that,  on  the  basis  of  complete  combustion,  the  excess 
oxygen  is  equal  to  0  —  CO/2.  The  nitrogen  accompanying  this 
is  3. 76(0  —  C0/2),and  that  corresponding  to  the  oxygen  required 
for  complete  combustion  is  A'— 3.76  (0  —  3  CO).  The  percentage 
of  excess  air  for  tfiis  case  is,  then 

3.76  {0-\CO)Xioo 
-  3.76  (0  -  J  CO)  ■  ■    ■ 
f-  and  the  excess  coefficient  is 

3.76  fO  -  h  CO) 


(355) 


^=I  +  - 


(356) 


100       '    ■   iV- 3.76(0 -J  CO)" 

(k)    In  case  there  is  a  deficiency  of  air  amounting  to  y  per  cent, 

^ere  is  2y  per  cent  of  the  carbon  burned  to  CO,  as  has  already 

I  shown  (in  Sect.  336  g);  in  burning  one  pound  of  carbon 

I  there  will  result  iy.'ioo  X  2|  pounds  of  CO.  (l  -  zy/ioo)  X  3J 

Lpounds  of  COt,  and  the  nitrogen  present  will  be  (1  —  y/ioo)  X 

TiO.77  X  1 1-6)  pounds.     Tabulating  these  values  gives: 

TABLE  XXII.  — FLUE  GAS  CONSTANTS, 


<^ 

•                       v„ 

bV 

N 

{l-j/.oo)X8.Q 

8.61 

'it 

3i.6(i-iyy>«>) 
31.7  by/too) 
III  o(i-y/ioo) 
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The  summation  of  the  last  column  gives 

2  {w'V)n  =  152.6  -  1. 21  y. 

Then,  from  Eq.  (349), 

T^  /^^  i_        1       31-6(1  —  2  y/ioo)  ^^  ,     , 

Per  cent  CO^  by  vol.  =  ^  ^^^^  __  ^'^^  ^  '  X  100   .     (357) 

and       Per  cent  CO  by  vol.  =  31-7  (2  y/ 100)  ^  joo.     .     .     (358) 

^  152.6  —  i.2iy  ^^  ' 

The  relation  of  the  percentage  volumes  of  CO^  and  CO  in  the 
flue  gas  to  the  percentage  deficiency  of  air,  is  shown  in  Fig.  316 
by  the  curves  to  the  left  of  oO. 

239.  Temperature  of  Combustion,  (a)  When  combustioo 
occurs,  the  heat  energy  liberated  tends  to  be  dissipated.  But  if 
the  combustion  can  be  imagined  to  occur  within  a  vessel  perfectly 
impervious  to  heat,  then  all  the  liberated  heat  must  remain 
within  the  vessel,  and  the  products  of  combustion  would  be  raised 
to  a  high  temperature.  This  temperature  is  known  as  the  tktxh 
retical  temperature  of  combustion  and  is  readily  calculated. 

(b)  First,  assuming  only  one  gas  as  the  product  of  combustioa, 
and  no  heat  absorbed  by  the  surrounding  vessel,  the  theoretical 
temperature  rise  will  be  obtained  by  dividing  the  available  heat 
by  the  pnxluct  of  the  weight  and  the  specific  heat  of  the  gas 
formed.  If  the  vessel  is  assumed  not  to  change  in  size,  the  specific 
heat  for  constant  volume  must  be  used ;  but  if  the  vessel  is  Ac 
e(iuivalent  of  one  fitted  with  a  movable  piston  so  arranged  as 
to  maintain  constant  pressure,  the  specific  heat  would  be  that 
for  constant  pressure. 

For  example  take  the  reaction 

2  r  -f  O2  =  2  C0  +  (4500  B.t.u.  per  pound  of  C). 

Since  2 J  pounds  of  CO  are  formed  per  pound  of  carbon,  the 
ihrorotical  rise  of  temperature  with  the  theoretical  supply  of 
pure  oxygen  will  be 

in  which  r„  is  cither  the  specific  heat  at  constant  volume  (O, 
or  at  constant  pressure  (C;,),  as  the  case  may  be. 

(c)  If  air  is  used  to  furnish  the  oxygen,  the  nitrogen  must  also 
be  healed.     Then,  since  the  weight  of  iV,  accompanying  die  0 
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used  per  pound  of  C,  is  1§  X  77/23  =  4.47,  the  resulting  temper- 
ature rise  is 

Rise  =  ^500 


CnX2\  +  Cn'  X  447 

in  which  the  primed  specific  heat  is  for  the  nitrogen,  and  the  other 
for  CO  as  before.  Similar  equations  may  be  written  for  other 
combustibles  and  other  products  of  combustion. 

(d)  The  temperature  theoretically  attained  will  be  the  sum  of 
temperature  fe  existing  before  the  start  of  the  reaction  and  the 
temperature  rise  as  found  above. 

In  general,  for  any  number  of  products  of  combustion, 

^Q 


t  =  U)  + 


CoWo  +  CiWi  +  CtWt  +  C»wi  +  etc. 


in  which 

to  =  initial  temperature, 
^Q  =  heat  liberated, 
Co,  Cu  C%  =  the  specific  heats  of  the  products  of  combustion, 

at  constant  volume  or  pressure,  as  the  case  may 
be,  and 
u'o,  Wu  W2  =  the  weights  of  the  products  of  combustion. 
The  specific  heats  of  the  products  of  combustion  *  are  given  in' 
Table  I  on  pages  40  and  41. 

(e)  It  is  evident  that  the  larger  the  denominator  of  the  frac- 
tion in  Eq.  (359)  the  lower  will  be  the  theoretical  temperature  of 
combustion.  If,  then,  an  inert  gas  such  as  nitrogen  is  carried 
through  the  heating  process,  as  when  air  is  used  instead  of  pure 
oxygen,  the  theoretical  temperature  will  be  lowered;  and  should 
more  air  be  supplied  than  is  needed  for  complete  combustion, 
the  temperature  will  be  still  further  reduced.  Diluents,  though 
taking  no  essential  chemical  part  in  the  reaction,  thus  play  a  very 
important  part  from  the  physical  side;  they  always  reduce  the 
theoretical  maximum  temperature  attainable  by  the  combustion. 

The  way  the  temperature  rise  theoretically  varies  with  excess 
or  deficiency  of  air,  when  carbon  is  burned  at  constant  pressure, 
is  shown  in  Fig.  317. 

(f)  If  any  heat  is  lost  during  the  period  of  combustion,  as, 

*  See  also  (g)  of  this  section. 
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for  insiance.  by  radiation,  the  numerator  of  Eq.   (359)  will  be 
diniinishtxl  by  the  amount  lost  and  the  theoretical  temperature 

rise  will,  of  cx>urse,  be 
decreased.  This  indicates 
the  ad\'isability  of  caus- 
ing combustion  to  take 
place  as  rapidly  as  pos- 
sible, because,  despite  the 
fact  that  the  same  a- 
mount  of  heat  is  liberated 
during  slow  as  during 
rapid  combustion,  the  ac- 
tual :::no  alioutxl  tor  radiation  in  the  latter  case  is  less,  and 
hii^v    v^thcr  thinii^i  Ivin*:  equal,  the  temperature  attained  will 

g  In  the  chapters  or.  :ho  :ht\>r>"  of  :he  ideaJ  gas  it  was  stated 
th,i:  \^:  v^rviir.arv  work  the  <:xv:riO  heats  •?!  real  gases  might  be 
v\^:'.>'.J.cr\\i  vvr.st.ir.t.  The>  are.  howvver.  really  not  constants, 
.i-.-K-  x^'-.c  v^t  :S  :v.  ir.vTWvM.  rapidly  ir.  value  at  h:^h  temperatures. 
K:— .  :  '0  prx\:.»u>  vV.sivUr.it for.  o:  the  >?ha\-ior  oc  supexiieated 
:'■'.■.>  :>  *,:>:  >\h.':.:  "*  ;-\:  ':x"  t  y.x-jtfi 

.-     >.^.ir.-...c    .-i^x    ..   j^rt<m.^r:.    r<:rween  the 

.-.  ,.v'*        .  .*      <     .».     -X  .Si-— rt  >.-xv "-i.?"  .L  ^j.2<::s  ^-<  deter- 

%*. .    -•    *.   ^v..      .^  ."^..<,,i.. .  >.      *  ..^   .1^....   »    r^  _..   ..ni>  tieki 
.*  X  "^     '  ."i^ .' "« V  T    ii'^v  '*-..~^.  »**.cTt"  .^    ,**.  ■""  J*.' i^j,  j^t  rw*SvL.ts  t  J""   z^^nittiv 

'S.  .      ,  X >• v^j^-sl     ^    ...     — ^t     -rtrtT^r'it'-l"^     J!-'e* 

.*-■ ■• .    <    'i':         — ^^w.  -  -*.>.  \-.n  .  ■:  t^e  ^"a_"jes 


"^.v    .V 


-     "..l"    -..x\- 


.     I 


,  ^~.X     :,"  J-  -I  ^■'.i: 


-  .     .  •  — 
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fh)  Since  the  si>ecific  heSt  increases  with  temperature,  the 
value  of  the  denominator  o(  Eq.  (559)  must  increase  when 
the  numerator  becomes  greater,  other  things  being  equal;  thus 
the  higher  the  temperature  the  less  effective  is  a  given  quantity  of 
heat  in  causing  a  rise  of  one  degree.  It  follows  that  in  practical 
work,  even  if  all  radiation  could  be  prevented,  the  temperature 
will  never  rise  as  high  as  Eq.  (359)  would  indicate  when  the 
ordinary  values  of  the  specific  heat  are  used. 


Kaar™ 

To 

uHMnSpHJOcUui 

(c7) 

n 

"^ 

-11 

'1 

-o.« 

^ 

0        X       Air     00,  H^     CO 
!).«»  (.OTS  D-ODO   O.IIU   Ml)   B.M 

H 

^y 

^ 

V' 

/. 

/ 

-^ 

^ 

r^ 

-^ 

• 

i 

0 

iffl 

-J 

^ 

5^ 

.^ 

I 

a 

— - 

«. 

T'' 

S* 

-^ 

■ 

^. 

8-' 

-^ 

V 

y 

'' 

'' 

^/ 



-- 

"-^ 

y 

.- 

i- 

— 

^ 

^ 

-.J, 

t^^.v 

y 

/ 

- 

A 

^ 

0      « 

m  1 

W    I 

IW    I 

00    IS 

in  » 

M  n 

MU 

00   Ml 

l»  SI 

MMM 

{To  determine  the  reaX  temperature  rise  (n^lecting  radiation 
s)  for  any  given  heat  supply,  the  mtan  specific  heats  must  be 
used  in  the  denominator  of  the  equation.  The  only  satisfactor>' 
way  of  doing  this  would  be  to  guess  at  the  temperature  expi-cted, 
choose  the  corresponding  mean  specific  heats,  determine  the  re- 
sultant temperature  and  compare  with  the  value  assumed.  If 
the  difference  is  great  a  closer  approximation  can  be  made,  and 
so  on.  This  is  similar  to  many  of  the  calculations  used  in  con- 
1  with  superheated  stcant. 
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240.   Combustion  of  Hydrogen,     (a)  Hydrogen  bums  accord- 
ing to  the  following  equation: 

2Hi  +  0i=-2H20 (360) 

The  weights  combined  are 

(2X  2)  of  H+{2  X  16)  of  0=36  of  H^, 

and  dividing  this  by  4  gives 

lof  H+8ofO  =  Qof  H^ (361) 

Then,  for  each  pound  of  hydrogen  burned,  8  pounds  of  oxygen 
must  be  supplied,  and  9  pounds  of  water  will  result.  It  is  also 
found  that  about  62,000  B.t.u.  are  liberated  per  pound  of  hydro- 
gen burned. 

(b)  Problems  involving  the  combustion  of  hydrogen  are  often 
complicated  by  the  fact  that  many  of  the  real  combustibles 
contain  some  oxygen,  which  may  exist  as  a  constituent  of  a 
CxHyOt  compound,  or  in  combination  with  some  of  the  hydrogen 
as  IhOy  or  in  a  number  of  other  different  ways.  Obviously,  to 
calculate  the  heat  that  would  be  liberated  by  a  pound  of  such 
material  would  require  a  knowledge  of  the  condition  of  all 
oxygen  present;  but  unfortunately  such  knowledge  is  seldom 
available,  hence  it  is  customary  to  consider  that  all  oxygen  present 
is  combined  with  hydrogen  as  HoO  and  that  only  the  remainder 
of  the  hydrogen  can  burn  to  liberate  heat.  This  combustible 
part  of  the  total  hydrogen  is  known  as  available  or  uncombined 
hydrogen. 

According  to  the  assumption  just  given,  the  **  available " 
hydrogen  can  be  determined  in  any  case  by  subtracting  from 
the  total  hydrogen  the  amount  which  could  be  combined  with  all 
the  oxygen  present.  Equation  (361)  above  shows  that  a  given 
weight  of  oxygen  could  be  combined  with  one-eighth  its  weight 
of  hydrogen  and  it  follows  from  this  that  the  weight  of  the 
unavailable  hydrogen  must  be  one-eighth  of  the  weight  of  oxygen 
present  in  a  compound. 

Then  if  //  represents  the  total  weight  of  hydrogen  present  and 
if  there  are  0  pounds  of  oxygen  which  are  assumed  to  be  already 
combined  with  part  of  this  hydrogen,  the  available  hydrogen 
must  weigh  (//— 0  8)  pounds.  The  oxygen  required  for  the 
combustion  of  the  available  hydrogen  is 

Pounds  otO  =  S{H  -  0/8), ....     (362) 
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iid  the  weight  of  air  required  to  supply  this  oxygen  is  found  by 
nultiplying  this  equation  by  4.35;    thus 

Pounds  of  air  =  34.S  (I£  -  0/S)  (approx.).      .     (363) 

(c)  If  hydrogen  at  60*  F.  is  burned  to  HjO  and  the  latter  is 
fterwards  cooled  to  60",  the  quantity  of  heat  obtained  varies 
ccording  to  the  conditions  of  cooling.  If  the  material  is  con- 
sined  in  a  vessel  equivalent  to  a  cylinder  closed  with  a  movable 
liston  exerting  a  constant  pressure  and  if  at  the  end  of  the  cool- 
ing process  all  ihe  water  exists  as  liquid,  a  certain  amount  of 
Mat  equal  to  about  62,000  B.t.u.  (experimental  value  61,950)  per 
tound  of  available  hydrogen  will  be  obtained.  In  this  book  this 
Fill  be  called  the  "  higher  heat  ralue  "  of  hydrogen. 

00  this  basis  the  higher  heat  value  may  be  defined  as  the 
(uantity  of  heat  obtained  when  the  products  of  combustion  are 
ooled  in  such  manner  that  the  water  vapor  resulting  from  the 
ombustion  of  one  pound  of  hydrogen  (initially  at  60°  F.)  is  com- 

letely  condensed  at  constant  pressure  to  a  lit|Utd  at  a  tempera- 
ire  of  60°  F.  Then,  when  a  combustible  containing  H  pounds 
i  hydrogen  and  O  pounds  of  oxygen  is  burned,  the  heat  obtained 
om  the  available  hydrogen,  on  the  basis  of  this  higher  heat 
ilue,  would  l>e 

B.Ut.  =  62,000  {H  -0!S). 

(d)  Other  definitions  of  higher  heat  value  are  sometimes  given, 
istead  of  coohng  to  60°,  some  other  (higher)  temperature,  such 
i  2!2'',  may  l>e  used,  in  which  case  the  amount  of  heat  involved 

slightly  less. 

Should  the  cooling  be  conducted  in  a  vessel  inclosing  a  greater 
olume  than  that  occupied  by  the  liquid  water,  only  a  part  of 
apor  will  condense,  the  rest  remaining  to  fill  the  surplus 
^cc  at  the  existing  temperature.  This  vapor  will  of  course 
lave  associated  with  it  its  latent  heat  of  vaporization,  and  there- 
ore  the  heat  value  found  will  be  less  than  that  obtained  when 

1  the  water  is  condensed. 

(e)  Another  calorific  quantity,  known  as  the  "lower  heat 
Itie,"  is  used  by  engineers  but  is  not  very  accurately  defined. 

t  U  generally  assumed  to  be  the  heat  obtained  if  all  the  water 
led  remains  saturated  or  superheated  vapor  at  the  tempera- 
ire  of  the  protlucts  of  combustion.     This  would  be  numerically 
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less  than  the  higher  heat  value  already  given,  by  an  amount 
equal  to  the  heat  above  60°  per  pound  of  vapor  in  the  flue  gas. 

The  accurate  determination  of  the  heat  which  could  be  ob- 
tained by  cooling  and  condensing,  under  constant  pressure,  the 
water  vapor  contained  in  flue  gases  is  more  or  less  complicated 
in  most  cases.  It  is  first  necessary  to  determine  the  weight  of 
vapor  per  cubic  foot  of  gas,  its  partial  pressure,  and  its  tempera- 
ture. From  this  data  its  state  can  be  determined  either  from 
steam  tables,  or  from  a  diagram  similar  to  that  of  Fig.  34  drawn 
for  water  vapor.  With  the  state  known,  the  heat  which  would 
be  liberated  per  pound  during  cooling  and  condensing  under 
constant  pressure  can  be  found  from  the  steam  tables.  The 
same  result  can  be  closely  approximated  by  the  use  of  the  follow- 
ing formula,*  which  gives  very  closely  the  heat  above  32®  F.  per 
pound  of  water  vapor  in  the  air,  or  in  products  of  combustion, 

AO  =  1058.7  +  0.455 /i  B.t.u (364) 

in  which 

AQ  =  B.t.u.  per  pound  above  32**  F.;  and 

/i  =  temperature  of  vapor  in  products  of  com- 
bustion (=  temperature  of  gas). 

If  it  is  assumed  that  the  liquid  resulting  from  condensation 
could  be  cooled  only  to  the  temperature  tt*  F.  (say  the  room 
temperature  of  about  60°,  instead  of  to  32®),  then, 

^Qh  =  (1058.7  +  0.455  '1)  -  (tt  -  32) 

=  1090.7  +  0.455  /i  -  /s (365) 

Thus,  every  pound  of  water  vapor  which  escapes  uncondensed  in 
the  products  of  combustion  will  carr>'  with  it  an  amount  of  heat 
equal  to  A^<,,  which  is,  therefore,  unavailable  for  other  pur- 
poses. Since  every'  pound  of  hydrogen  bums  to  nine  pounds 
of  water,  it  follows  that  the  lower  heat  value  per  pound  of 
available  hydrogen  is 

L.H.V,  =  62,000  —  9  (1090.7  +  0455  /i  —  /a)-  •     (366) 

This  expression  shows  that  the  lower  heat  value  is  really  a 
variable,  depending  for  its  value  on  the  lowest  temperature  h 
attained  by  the  products  of  combustion  before  leaving  the 
apparatus  which  they  are  supposed  to  heat,  and  also  on  the  tem- 

*  For  explanation  of  this  formula  and  further  details  see  "  Ezperimenta!  En- 
gineering/' Carpenter  and  Diederichs,  p.  467. 
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erature  /j,  which  is  generally  assumed  as  about  60°.  For  a 
Blue  of  t,  equal  to  1500°  F.,  and  fj  equal  to  60°.  the  difference 
etwcen  the  lower  and  higher  heat  values  is  about  15,000  B.t.u.; 
w  ((  equal  to  500°  F.  the  difference  equals  about  11,000  B.t.u.; 
tld  for  /i  and  (j  both  equal  to  60°  F.  the  difference  is  still  about 
500. 

(f)  The  value  ordinarily  used  for  engineering  pur(Xiscs,  and 
'hich  inay  therefore  l>e  called  the  "engineering  lower  heat 
Klue,'*  is  generally  taken  at  52,000,  which  corresponds  to  a 
ftiue  of  (i  equal  to  about  530"  F.  with  d  =  60°  F.  It  is  evident 
tiat  this  may  be  merely  a  very  rough  approximation  in  many 

When  this  value  is  used,  the  lower  heat  value  of  the  hydrogen 
1  a  fuel  which  contains  H  pounds  of  that  element  and  O  pounds 
f  oxygen  is 

B.IM.  =  53,000  {H  -  OjS) (367) 

(g)  In  some  cases  it  is  more  convenient  to  use  heat  values  per 
ubic  joot  of  hydrogen  rather  than  per  pound.  These  can  eadly 
e  obtained  by  dividing  the  values  already  given  by  the  specific 

rolume  of  hydrogen.  There  will  obviously  be  as  many  different 
alucs  as  there  are  temperature  and  pressure  combinations; 
ence  the  conditions  under  which  the  cubic  foot  of  gas  is  to  be 
leasured  should  always  be  specified.  At  a  temperature  of 
2°  F.  and  under  a  pressure  of  14.7  pounds  per  square  inch  the 
^ecific  volume  of  hydrogen  is  178  cubic  feet.  Therefore,  the 
iaX.  values  per  cubic  foot  under  these  conditions  are 

Higher  heat  value  =  ^"^  =  348  B.t.u.  .     .     (368) 
i7e 
id 

Lower  heat  value  =  -  '■„■   =  292  B.t.u.  .     .     {369) 
17IS 

(h)  In  this  connection  it  should  be  noted  that  although  the 
;at  value  per  pound  of  hydrogen  Is  considerably  higher  than 
le  heat  value  per  pound  of  carbon  monoxide,  the  values  per 
ibic  foot  of  material  are  more  nearly  equal,  Thus  the  value 
ler  cubic  foot  of  CO  at  32"  F.  and  at  atmospheric  pressure 
about  335  B.t.u,,  which  is  but  slightly  less  than  the  upper 
ralue  for  hydrogen  and  is  considerably  greater  than  the  lower 
palue. 
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This  relation  is  of  particular  importance  in  engineering, 
because : 

(i)  There  are  a  large  number  of  commercial  gases  containing 
both  hydrogen  and  carbon  monoxide  and  it  is  possible  to  regu- 
late the  relative  proportions  of  the  two  to  a  certain  extent. 

(2)  It  is  generally  the  volume  of  the  gas  which  is  to  be  handled, 
and  not  its  weight,  which  determines  the  dimensions  and  cost 
of  apparatus  and  cost  of  operation ;  and 

(3)  Under  most  engineering  conditions  it  is  the  lower  heat 
value  of  hydrogen,  not  the  higher,  that  is  made  available. 

241.  Hydrocarbons,  (a)  Combustibles  composed  of  hydro- 
gen and  carbon  in  combination  are  known  as  '*  hydrocarbons." 
There  are  many  kinds  which  differ  as  to  the  relative  proportions 
of  H  and  C  contained.  They  burn  to  form  the  ultimate  products 
CO2  and  //2O,  but  the  process  is  often  very  complicated.  The 
exact  combustion  behavior  of  all  the  common  hydrocarbons  is 
not  yet  well  known  but  experiment  shows  that  in  many  cases  a 
numl>cr  of  reactions  go  on  before  the  actual  combustion  process 
is  completed. 

(b)  It  is  very  common  practice  to  assume  that  when  a  hydro- 
carbon containing  C  pounds  of  carbon  and  H  pounds  of  hydrogen 
is  burned  it  should  liberate 

(C  X  14,600)  +  (//  X  62,000)  B.t.u.,     .     .     (370) 

but  such  calculations  seldom  check  with  the  actual  values.  This 
is  explained  in  part  by  the  fact  that  the  hydrocarbon  is  already 
a  chemical  compound  and  must  be  broken  up  to  enable  the  indi- 
vidual elements  to  combine  with  oxygen.  When  this  occurs 
a  quantity  of  heat  must  be  absorbed  or  liberated,  thus  diminish- 
ing or  increasing  the  amount  liberated  during  the  formation  of 
CO'i  and  II lO.  Many  empirical  formulas  have  been  developed 
to  take  account  of  such  effects,  but  none  of  them  are  entirely 
satisfactory  for  all  cases. 

(c)  In  many  instances  the  approximate  calculation  by  Eq. 
(370)  is  sufficiently  exact,  but  when  great  accuracy  is  desired  a 
determination  should  be  made  by  using  a  **  Fuel  Calorimeter/* 
which  will  be  briefly  described  in  Section  244. 

The  experimentally  determined  and  calculated  calorific  values 
of  several  of  the  principal  hydrocarbons  are  given  in  Table  XXIII. 
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TABLE  XXIII.  — 

CALORIFIC  VALUES  OF  HYDROCARBONS. 

• 

Name. 

Molecular 
Pormttla. 

Weight  in 

Lbs./Cu.  Ft.. 

Atm.  Pres.  and 

32"  F. 

CaloriBc  Value  Experimentally 
Determined,  B.t.u./Lb. 

Calorific  Value 
Calculated. 
B.t.u./Lb. 

Higher. 

Lower. 

Higher. 

Methane 

Ethane 

Ethylene.  .  . 
Acetylene.. . 

CHi 
CiH, 
CtH, 
CtHi 

0.04464 
0.08329 
0.07809 
0.07251 

23,842 

22,399 
21,429 
21,429 

21,385 
20,434 
20,025 
20,673 

26,455 
24,080 

21,370 

18,240 

242.  Combustion  of  Sulphur.  Sulphur  burned  in  oxygen 
forms  sulphur  dioxide.     The  reaction  is  given  by  the  equation 

5  +  02  =  502 (371) 

The  weights  combined  are 

32ofS  +  {2X  16)  ofO--64  of  5O2, 

and  dividing  by  32  gives 

lof  S  +  iofO  =  2of  SO2 (372) 

Then,  for  each  pound  of  sulphur,  one  pound  of  oxygen  is  needed 
for  complete  combustion  and  2  pounds  of  5O2  result.  To  furnish 
the  pound  of  oxygen  approximately  4.35  pounds  of  air  are 
required.  The  reaction  is  accompanied  by  the  liberation  of 
about  4000  B.t.u.  per  pound  of  sulphur. 

243.  Combustion  of  a  Mixture  of  Elements,  (a)  If  the  sym- 
bols represent  the  pounds  of  each  of  the  respective  elements 
present  in  a  mixture,  and  if  it  is  supposed  that  the  oxygen  present 
is  already  in  combination  with  hydrogen,  then,  from  the  pre- 
ceding paragraphs,  it  is  evident  that  for  complete  combustion 
there  are  needed 

Pounds  of  Oxygen  =  2|  C  +  8  (/Z'  -  0/8)  +  5;        (373) 

to  furnish  this  would  require  4.35  times  as  much  air,  or 

Pounds  of  Air  =  1 1.6  C  +  34.8  {H  -  0/8)  +  4.35  5;  (374) 

and  the  volume  of  this  air  at  a  temperature  of  62°  F.  and  at 
atmospheric  pressure  is  found  by  multiplying  by  the  specific 
volume  13.14  (from  Table  XX),  giving 

Cubic  Feet  of  Air  =  153  C  +  454  {H  -  0/8)  +  57  5.    (375) 
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The  volumes  at  other  temperatures  and  pressures  can  be  found 
from  the  relation  {PV/T)i  =  (PV'T)t. 

(b)  The  heat  liberated  when  such  mixtures  are  burned  can  be 
conveniently  determined  by  the  use  of  what  are  known  as 
Dulongs  formulas.     These  are: 

Higher  B.t.u.  =  14,600  C  +  62,000  (//  —  0  8)  +  4000  5.      (376) 
Lower  B.t.u.    =  14,600  C  +  52,000  (H  —  0  8)  +  4000  5.      (377) 

It  will  be  noted  that  these  formulas  are  merely  the  summations 
of  the  heat  values  given  before  for  the  indiWdual  elements. 

As  already  explained,  if  there  are  chemical  combinations 
which  must  be  broken  up,  the  heat  associated  with  the  separa- 
tion  must  be  considered  besides  that  given  by  Dulong's  formula. 
Thus  Eqs.  (376)  and  (377)  do  not  apply  to  hydrocarbons,  al- 
though their  use  will  give  the  approximate  heat  values. 

244.  Fuel  Calorimeters  and  Heat  Value,  (a)  In  the  absence 
of  satisfactory  methods  of  calculating  the  heat  liberated  during 
combustion,  the  scientist  and  the  engineer  have  developed  in- 
struments. kno^^Ti  as  Fuel  Calorimeters,  for  measuring  the  energy 
as  lit>erated. 

Practically  all  of  them  operate  in  the  following  way :  A  known 
weight,  or  volume,  of  the  combustible  is  burned  within  the  in- 
strument under  such  conditions  as  to  insure  as  nearly  as  pos- 
sible complete  combustion,  and  the  heat  liberated  is  absorbed  by 
water  or  similar  liquid  in  an  enveloping  jacket.  By  measuring 
the  temperature  rise  of  the  liquid,  and  correcting  for  radiation 
loss  from  the  instrument,  the  heat  liberated  is  obtained:  and  from 
the  known  weight  of  the  material  burned,  the  heat  which  would 
be  liberated  per  unit  weight  may  Ix^  calculated.  This  value  is 
known  as  the  Heat  Value,  Calorific  \'alue.  or  Heat  of  Com- 
bust ion  of  the  material.  In  en^neering  work  it  is  generally 
expressed  in  B.t.u.  per  pound  of  material,  or,  in  the  case  of  gases,* 
jx^r  cubic  fcx>t  at  >tand;ird  conditions. 

b     In  all  cilorimeters  the  jacket  cemporature  is  near  that  of 
tho  nHMU  and  the  pnxlucts  of  combustion  are  cooled  to  approxi- 

'  I:  i>  a!m-^:  <:.ir.iiAri  pnciico  t-^  use  -.vei.rh:  .i>  the  basis  for  solid  fuels  and 
vo!-:r:'.c  a<  '.he  b>i-i-  i"  »r  ir.isv^  For  liquids  l>i:h  weight  and  volume  are  used, 
ihvv^c'i  Acii;'?.*.  is  prvii'dbly  civen  the  pre:er\"n:e.  Whenever  there  is  a  {XKsibOitT 
01  vvn:;:>i  VI  :he  unit  shouM  be  j^iven  in  the  statement  o:  results.  If  a  cubic  foot 
of  gas  "at  standard  *'  is  used,  the  s>-caJled  standard  should  be  defined. 
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inately  the  temperature  of  the  jacket  before  leaving  the  instru- 
ment ;  thus  the  heat  measured  is  generally  assumed  to  be  that 
obtained  by  bringing  the  products  of  combustion  down  to  the 
initial  temperature  of  the  combustible  material.  This  is  seldom 
really  accomplished  and  an  error  from  this  source  is  therefore 
ininxluced  into  practically  all  commercial  calorific  determina- 
tions. This  method  gives  what  is  commercially  called  the 
'■  higher  heat  value,"  when  the  combustible  contains  available 
hydrogen. 

It  has  already  been  pointed  out  that  even  with  the  tempera- 
re  o(  the  combustion  products  reduced  to  6o°  F.  there  may  be 
a  considerable  discrepancy  between   the  values  thus  obtained 
and  the  true  higher  value. 

An  accurate  method  of  stating  calorific  values  would  be  to 
give  the  heat  liberated  when  material  at  32°  F.,  or  60°  F.,  is 
burned  and  the  products  are  cooled  to  the  original  temperature, 
allowance  being  made  in  each  case  for  humidity  in  the  products 
of  combustion.  In  the  present  state  of  the  art,  however,  such 
refinements  are  not  warranted. 

345.  Flue  Gas  Analysis,  (a)  In  connection  with  tests  of 
Furnaces,  boilers,  and  similar  apparatus  in  which  fuel  is  burned, 
t  is  often  necessary  to  analyze  the  flue  gases  in  order  that  certain 
ifficiencies  and  losses  can  be  calculated  and  that  the  conditions 
^combustion  can  be  determined.  In  these  analyses  the  quanti- 
i  of  gases  present  are  generally  expressed  in  "  volume  per- 
Ecntagcs."  For  example,  gases  a,  b,  and  c  may  be  said  to  con- 
Kitutc  respectively  10  i>er  cent,  20  per  cent,  and  70  per  cent  of 
the  total  volume  (=   100  per  cent)  resulting  from  their  mixture. 

(b)  In  making  the  analysis,  a  measured  volume  of  the  mixed 
pses  at  atmospheric  temperature  and  pressure  is  successively 
mtught  into  contact  with  appropriate  reagents,  each  one  of 
rhich  absorbs  but  one  constituent  gas;  then,  by  noting  the 
SOiTCsponding  decreases  in  volume  under  atmospheric  conditions, 
ihe  volume- percentages  of  the  various  constituent  gases  can 
leadily  be  determined. 

(c)  To  give  a  clearer  idea  of  this  process,  assume  that  the 
■ubical  vessel  shown  in  Fig.  319  (a)  incloses  a  volume  of  100  units, 
ftiat  it  is  filled  with  a  mixture  of  gases,  say  CO2,  CO  and  N. 
and  that  the  pressure  of  the  mixture  is  atmospheric.     Each  of 


494 


HEAT-POWER  ENGINEERING 


'OoaMitamt  / 


Oomtitwat 

c 


(ti) 


(6> 


I-'ig-  319- 


the  constituents  evidently  occupies  the  entire  volume,  that  is, 
each  is  evenly  distributed  throughout  the  vessel;  each  exerts  a 
definite  **  partial  pressure  ";  and  the  sum  of  these  partial  pres- 
sures equals  the  atmospheric  pressure.  If  it  were  possible  to 
collect  each  of  the  constituents  and  isolate  it  from  the  others  by 
flexible  diaphragms,  as  shown  in  Fig.  319  (6),  and  if  each  of  the 

constituents  were  decreased  in  volume 
until  its  pressure  became  equal  to 
atmospheric,  then  the  sum  of  all  the 
volumes  would  equal  the  original  vol- 
ume, proN-ided  the  temperature  re- 
mained the  same.  That  this  is  true 
^-ill  be  shown  in  the  following  para- 
graphs. 

(d)  Assume,  for  instance,  that  in  Fig.  319  (a)  the  partial  pres- 
sures are  aP^,  bPa.  and  cPa.  a,  by  and  c  being  fractions  and  P. 
being  atmospheric  pressure.  If  the  total  pressure  of  the  mixture 
is  atmospheric,  the  sum  of  the  three  partial  pressures  must 
equal  P„.  that  is 

aP„  4-  fePu  +  fPa  =  P«.  or  a  -h  6  +  c  =  1. 

It  the  volume  of  the  vessel  is  ]',  then  the  constituent  with 
partial  pressure  aP^  will  have  to  be  given  a  volume 

in  order  to  raise  it  to  atmospheric  pressure  when  isolated;  the 
constituent  with  partial  pressure  bP^  >\nll  have  to  be  given  a 
volume    Vt=  bV\    and    the   remaining    consrituent,    a    volume 

From  the  relations  between  a,  b,  and  c  it  is  obvious  that 
T;  -r  I'i  -i-  Tj  =  1*1=  100  by  assumption*. 

e'  Thus  <:.  b.  and  r  not  only  represent  the  partial  pressure 
fractions,  but  alsi>  give  the  fractions  of  the  total  volume  that 
would  Ix*  ^xvupiod  by  the  a^nstituenis  when  reduced  to  the 
vv»!unu^  I  hoy  would  have  when  isk^lated  and  raised  to  atmos- 
pheric pressure  without  change  of  temperature.  As  was  stated, 
the  ^^>-calk\l  ixTcentavie  by  volume  of  any  consrituent  is  there- 
ion-  :r.erel\-  the  percentage  of  the  original  volume  of  the  mixture 
which  that  constituent  would  occupy  if  existing  alone  at  the 
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t  pressure  as  that  exerted  by  the  mixture  and  at  the  same 
EHiperature. 
(t)  It  is  important  to  note  in  connection  with  flue  gas  analyses 
lat  the  water  vapor  content  is  never  determined  in  ordinary 
igineering  apparatus.  The  greater  part  of  this  water  is  con- 
Cnsed  and  disappears  by  mixing  with  water  contained  in  the 
pparatus  used  in  making  the  analysis.  The  gaseous  mixture 
,  however,  practically  always  saturated  with  water  vapor  during 
!  entire  analysis,  and  although  this  water  exerts  a  partial 
ssure,  this  latter  affects  each  of  the  constituents  proportion- 
tcly,  hence  its  influence  is  really  negligible.  Though  water 
s  present  the  results  on  the  percentage  basis  arc  therefore 
lie  same  as  those  for  dry  gas. 

346.  Weight  of  Flue  Gases,  (a)  In  many  engineering  com- 
tutations  it  is  necessary  to  determine  the  weights  of  the  gases 
esulting  from  the  combuBtion  of  a  given  fuel  under  given  con- 
Itions.  Such  calculations  are  simple  when  one  knows  (i)  the 
nalysis  of  the  flue  gases,  (2)  the  analysis  of  the  fuel,  and  (3)  the 
loisture  content  of  the  air. 

(b)  As  was  seen  in  the  preceding  section,  the  volumetric 
nalysis  of  the  flue  gas  is  the  equivalent  of  isolating  the  con- 
jtuent  gases  -and  reducing  them  to  the  same  pressure  and 
jmperature.  Then  from  Avogadro's  h>'pothesis  it  follows  that 
te  number  of  molecules  of  each  of  the  gases  present  must  be 
irectly  pro[x>nional  to  tlie  volumes  (V")  which  the  gases  occupy, 
ence  the  products  (mV)  of  these  volumes  by  the  respective 
lolecular  weights  (m)  of  the  gases,  give  measures  of  the  rda- 
ive  proportions  hy  weight  of  the  gases  present  in  the  mixture: 
he  sum  (2m  V)  of  these  products  gives  a  measure  of  the  weight 
f  the  whole  mixture;  and  the  weight  percentage  of  any  con- 
tituent  is  evidently 


Per  cent  weight  = 


mV-i-  ZmV. 


(378) 


if  the  mixture  is  composed  of  CO-.  0.  CO.  S.  B,  and  50i. 
id  if-  the  relatiN-e  volumetric  proportions  of  the  constituents 
e  represented  by  their  chemical  symbols,  then  the  equivalent 
\ecular  weight  of  a  unit  volume  of  the  mixture  is 

*.mV=  {44  C0,-¥  32  0  +  28  CO  +  28  S  -\-  2H  +  64  SOt).  (379) 
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and  the  weight  percentage  of  CO2  for  example  is  found  by  divid- 
ing 44  CO2  by  Eq.  (379). 

(c)  It  is  generally  most  convenient  to  express  the  constituents 
in  terms  of  their  weight  per  pound  of  carbon  burned.  The  weight 
corresponding  to  the  m  V  value  of  the  carbon  represented  in  Eq. 
(379)  is  evidently 

WeightofC^i2{C02  +  CO);      .     .     .     (380) 

hence  the  weight  of  any  constituent  per  pound  of  carbon  is  found 
by  dividing  its  m  V  value  by  12  (COj  +  CO).  Thus,  the  weight 
of  nitrogen  is 

ws  =  28N-7- i2{C0i  +  C0)\  perlb.of  C    .     .     (381) 

the  weight  of  free  hydrogen  is 

WH  =  2H'i- 12  {COt  +  C0);     .     .     .     (381a) 

and  similarly  for  the  other  constituents. 

The  total  weight  (w)  of  dry  gas  mixture  per  pound  of  carbon 
actually  burned  is  given  by  dividing  Eq.  (379)  by  Eq.  (380). 
When  simplified  this  becomes 

_  iiC0t+80+7{C0  +  N)+H/2+i6S02  * ,  .  , 
"^  "  3  {CO,  +  CO)  ■        '    ^^^^^ 

in  which,  as  before,  the  symbols  represent  the  relative  volumes 
of  the  gases  they  symbolize. 

(d)  To  find  the  total  weight  of  **wet"  gases  per  pound  of  car- 
bon, it  is  necessary  to  add  three  more  items: 

(i)  The  weight  of  water,  in  the  fuel  per  pound  of  carbon,  as 
found  by  analysis; 

(2)  The  weight  of  water  carried  by  the  air  supplied  for  com- 
bustion, per  pound  of  carbon,  which  can  be  found  from  psy- 
chrometric  observations;  and 

(3)  The  weight  of  water  formed  by  the  hydrogen  burned,  per 
pound  t)f  carbon.  This  can  be  found  as  follows,  when  the  fuel 
analysis  is  known:  Let  Wf/'be  the  weight  of  free  hydrogen,  per 
pan  fill  of  carbon  in  the  fuel,  and  let/f,  as  before,  be  the  volume  of 
hydrogen  not  burned  (pxT  pound  of  C\  as  found  in  the  analysis 
of  the  flue  gases;  then  U7/'—  \2  H  -r^  12  {COt  +  C0)\  is  the 
weight  of  hydrogen  burned,  and  the  resulting  weight  of  water  is 

Weight  of  IhO  =  9  \il^h'-  [2H  -^  12  {COr  +  CO)]\      (383) 

*  If  the  pa>cs  Clh  and  Cnllm  are  present,  this  expression  should  hav'e 
4  ( 7/4  -J-  7  Cn/Zfi  added  to  the  numerator,  and  the  {xirenthesis  in  the  denominator 
should  include  CHi  -f  2  Cnllm,  it  being  assumed  that  the  CnHm  is  all  Ethylene 
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247.  Percentage  of  Excess  Air.  Ii  is  now  possible  to  derive 
perfectly  general  expresaions  for  the  percentage  of  excess  air 
and  for  ihe  excess  coefficient,  —  that  is,  expressions  which  are  not 
limited,  as  arc  Eqs.  (352)  to  (355),  to  the  case  of  tlie  combustion 
pf  carbon  alone. 

I  f  the  symbols  represent  relative  volumes  as  before,  then,  accord- 
ing to  Eq.  (381)  the  total  weight  of  nitrogen  in  the  flue  gases  per 
pound  of  carbon  is  28  A' T  i2(C0,  +  CO).or  7  :V4-  3(^02+^0); 
)ience,  the  oxygen   which  accompanied   this  nitrogen  must  be 

Total  oxygen  =  ^  X  JJci^CO')  P"""*"^-     '     ^^^4) 
The  weight  of  oxygen  not  used  is,  similarly. 

32  O  -M2  (CO.  +  CO)  =  8  0  ^  3  {COt  +  CO), 
where  0  is  its  volume,  which  is  assumed  to  be  known  from  the 
volumetric  analysis  of  the  Hue  gas.     But  part  of  this  unused 
oxygen  could  have  been  utilized  had  combustion  been  perfect- 
_.  .  .  ,  16  ,^  28  CO  4  CO 

Thus  a  weight  equal  to    -^  X  i^JcoT+COJ  =  3  (CO.  +  CO) 
[might  have  been  used  for  burning  the  CO  to  Cd;  and  a  weight 


equal  to  ?  X  - 


might  have  been 
The  true 


{COt  +  CO)      3  {COi  +  CO) 
used  for  burning  the  free  hydrogen  in  the  flue  gas. 
weight  of  excess  oxygen  per  pound  C  is,  therefore. 

ExcessO=.|8  0-4(CO+//)l-H  [HCO^  +  CO)]      (385) 
Subtracting  this  from  the  total  oxygen  (Eq.  (384))  gives  the 
jfreight  of  required  oxygen,  per  pound  of  C  as 
£3vr 


Required  i>xygen 


77 


X7jV-[80-4(CO-|-//)1 


(386) 


3  (COt  +  CO) 

Then,  eince  the  percentage  of  excess  air,  x,  is  equal  to  excess  air 
■(fit  O)  divided  by  the  total  required  air  (or  O),  it  follows  that 
CO  +  ID 


X7N-[SO~4(CO  +  H)]\ 


X  loo.t 


(387) 


•  U  tbe  g4*M  CH,  and  CJf..  are  presrnl.  4  Cff.  +  ;  C.H-  should  be  added 
)  ihe  pventhesii  tn  (he  nuroaatDT  and  Cfli  + 1  Cnllm  shnuld  be  included  in  that 
I  the  ddiomiiutof.    This  neglecls  any  ff  m  the  fuel. 

t  Tu  uix'uuDl  (or  itic  gu'v.-s  mt'tiUcinnl  in  Ihe  two  preceding  foo<nolF«. 
CB^  +  ^CJlm  should   he   iwlded   io   the   parentheses   in   the  niunenitoi  and 
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The  excess  coefficient,  X,  is  therefore 

SO-^jCO+H) 


X  =  1  +-^  =  1  + 

lOO 


^X7iV-[80-4(CO  +  H)]| 


(388) 


248.  Stack  Losses,  (a)  In  connection  with  tests  of  furnaces, 
boilers  and  similar  apparatus  it  is  customary  to  determine  the 
amount  of  heat  carried  away  by  the  gases  passing  up  the  stack, 
or  as  it  is  often  called  the  "  heat  lost  in  flue  gases." 

(b)  Before  taking  up  the  complete  method  of  calculating  these 
losses,  a  simplified  theoretical  discussion  will  be  considered  in 
order  to  bring  out  certain  fundamental  relations.  For  this 
purpose  the  case  of  dry  carbon  only,  burned  with  dry  air,  will 
be  analyzed.  In  connection  therewith  the  combustion  may 
occur  under  any  one  of  three  sets  of  conditions,  as  follows: 

Case  I.   Complete  combustion  with  theoretical  air  supply; 
Case  2.    Complete  combustion  with  excess  air;  and 
Case  3.    Incomplete  combustion  with  deficiency  of  air. 
It  is  obvious  that  Case  i  is  merely  a  limiting  value  between 
Cases  2  and  3,  and  hence  need  not  be  considered  separately. 

(c)  With  Excess  Air  (Case  2)  the  only  loss  to  the  stack  under 
the  assumed  conditions  is  that  due  to  sensible  heat  of  the  COi, 
the  nitrogen,  and  the  excess  air  in  the  flue  gases. 

It  was  shown  in  Sect.  238  (f),  that  with  x  per  cent  excess  air 
the  so-called  *' products  of  combustion**  resulting  from  the 
complete  burning  of  one  pound  of  carbon  would  consist  of  3.67 
pounds  of  CO2,  8.9  pounds  of  N  and  o.ii6jc  pounds  of  air; 
hence  the  total  weight  of  flue  gas,  per  pound  of  carbon,  is  given 
by  the  equation, 

Pounds  of  flue  gas  =  3.67  +  8.9  +  0.116  x  .     .     (389) 

As  this  waste  gas  leaves  at  a  temperature  considerably  higher 
than  that  at  which  the  constituents  entered  the  furnace,  it 
carries  with  it  sensible  heat  which  should  have  been  used. 
With  weight  determined  the  corresponding  loss  of  heat  can 
readily  be  computed  when  the  specific  heat  and  the  temperature 
of  the  flue  gas  are  known. 

As  flue  gases  of  boiler  furnaces  generally  leave  with  a  tempera- 
ture less  than  700°  F.,  it  is  customary  to  neglect  the  variations 
of  the  specific  heats  with  temperature,  and  as  the  specific  heat 
of  the  flue  gas  is  nearly  the  same  as  that  of  air,  it  is  also  customary 

*  See  last  footnote  on  page  497. 
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to  neglect  the  change  with  variations  in  x.  The  specific  heats 
assumed  for  the  mixture  by  different  writers  generally  fall 
between  0.22  and  0.24;  with  average  excess  coefficients,  0.24 
is  a  satisfactory  figure.  With  this  assumption,  the  approximate 
formula  for  loss  of  heat  in  the  flue  gas,  per  pound  of  carbon 
burned,  for  Case  2  is 

5./.W.  loss  =  0,24  {3,67  +  8.g  +  0,116 x)  {if  —  /«),      (390) 

where  //  is  the  temperature  of  the  flue  gas  and  /«  is  the  atmos- 
pheric temperature.  Since  each  pound  of  carbon  should  liberate 
14,600  B.t.u.  the  per  cent  loss  of  heat  is  given  by 

Per  cent  loss  =  — ^^    ' — ^^ — X  100.     (391) 

14,600 

Values  obtained  from  this  equation  are  plotted  in  the  upper, 
right-hand  quadrant  of  Fig.  320  and  the  resulting  curves  serve 
to  show  how  the  stack  loss  varies  with  different  values  of  x  and 
of  (//  —  /a).  Actually,  because  of  increases  in  the  specific  heats 
with  temperature  and  excess  air,  the  losses  would  increase  some- 
what  more  rapidly  than  these  curves  show. 

(d)  With  Deficiency  of  Air  (Case  3  above)  there  are  two  stack 
losses  to  be  considered  —  that  due  to  sensible  heat,  and  that  due 
to  the  heat  value  of  the  CO  (or  of  the  CO  and  C)  not  burned. 

The  weights  of  gas  (per  pound  C)  present  with  y  per  cent 
deficiency  of  air  will  be  given  by  (from  (k)  of  Sect.  238) 

Pounds  of  Flue  Gas  =  3.67  (l  -  —)of  CO2  +  2.33  ^  of  CO 

+  ^'9{l--^ofN (392) 

Assuming  the  specific  heat  0.24,  this  would  give,  per  pound  of 
carbon,  a  stack  loss  due  to  sensible  heat  of 

iBA.u,)s-o,24[3^67[l^^^+2.33^^^^ 

(393) 

Since  each  pound  of  CO  could  give  4300  B.t.u.  if  burned,  there 
is  also,  per  pound  of  C,  a  loss  due  to  the  CO  equal  to 

(BJm.)co  =  2.33  Xj^X  4300     .     .     .     (394) 
provided  the  deficiency  {y)  is  not  greater  than  50  per  cent. 


Soo 
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The  total  loss  with  deficiency  of  air  less  than  50  per  cent  is 
evidently  equal  to  {B./.m.)s  +  {B.t.u.)co-  This  has  been  plotted 
in  the  lower  right-hand  quadrant  of  Fig.  320  for  difTerent  tem- 
peratures of  gas. 

If  y  exceeds  50  per  cent  some  of  the  carbon  is  not  burned  at  all 
and  the  losses  would  therefore  be  still  greater.  However,  as  this 
is  a  case- not  ordinarily  approached  in  practice  it  need  not  be 
considered  here. 
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Fig.  3»5. 

The  losses  resulting  from  a  deficiency  of  air  are  shown  in  the 
lower  right-hand  quadrant  of  Fig.  320. 

tC'  The  completed  chart  of  Fig.  520  includes  the  cur\-es  pre- 
^■ioui^!y  given  in  Fig.  316,  and  serxes  to  show  in  a  general  way  how 
the  Ki-^-s  var>-  with  different  temperatures,  different  quantities 
of  air  and  different  flue  gas  analvses.  It  must  be  borne  in  mind 
ih.it  certain  broad  assumptions  were  made  to  simplify  the  deriva- 
tion of  this  chart  and  it  is  therefore  only  approximately  correct. 
From  ,in  ins;x\-tion  of  the  curves  it  at  once  becomes  appaient 
tha;  io>stfs  duo  to  evti'ss  air  an.-  much  less  than  those  due  to 
ilftii:t:ii-ies.  for  example,  with  flue  gas  at  300~degrees,  the  loss 
occasioned  by  100  ;»er  cent  excess  air  is  equalled  by  that  due  to 
about  S  per  cent  deficiency. 


COMBVSTWS 


501 


In  using  the  chart,  however,  it  is  important  to  note  that  com- 
parisons of  losses  incident  to  using  different  percentages  of  excess 
air  should  not  necessarily  be  made  on  the  basis  of  the  same 

imperature  —  for,  ordinarily,  larger  amounts  of  air  bring  about 

reduction  Jn  temperature  of  the  flue  gas. 

(f)  The  foregoing  appHes  to  the  combustion  of  carbon  alone. 
In  the  actual  case  the  "  flue  gas  "  usually  contains  COt.  CO,  N, 

',  //,  hydrocarbons  and  water  vapor  and  therefore  differs  some- 
hat  from  the  case  just  considered.  The  stack  losses  in  the 
:tual  case  may  be  conveniently  divided  into  three  distinct 
arts: 

(1)  That  part  represented  by  the  sensible  heat  of  the  dry  flue 
ts,  not  including  the  moisture  that  may  be  present; 

(2)  That  part  due  to  incomplete  combustion  of  some  of  the 
>nstituents  of  the  fuel  —  this  includes  the  potential  heat  of  the 
aburned  C  (in  the  smoke),  CO.  II  and  hydrocarbons; 

(3)  That  part  represented  by  the  latent  and  sensible  heat  of 
le  water  vapor  {moisture)  in  the  flue  gas. 

The  methods  of  determining  each  of  these  losses  will  now  be 
jnsidered. 

(g)  The  weight  {w)  of  dry  flue  gas  (per  pound  of  carbon)  in  the 
fuel  can  be  found  by  Eq.  (582)  in  Sect.  246  and  it  is  common 
practice  to  use  0.24  for  the  Cp  of  the  mixture.  Hence  the  approxi- 
mate loss  in  the  sensible  heat  in  the  dry  flue  gas  (per  pound  of 
carbon  burned)  is 

(B.t.u.)s  =  o.34wil!-l,) (395) 

(h)   A  more  accurate  method  of  finding  this  loss  is  to  first 

determine  (as  in  Sect.  246)  the  weight  (w„),  per  pound  of  C,  of 

lach  of  the  constituent  gases,  get  its  mean  specific  heat  CV.  from 

'ig.  318  for  the  temperature  range,  then  compute  the  sensible 

t  it  carries  away,  and  finally  take  the  summation  for  all  the 

>nstituents.     Thus  the  total  sensible  heat  carried  away  by  the 

flue  gases  is  (per  pound  of  carbon  burned) 

(BJ.u.h  =  2  («/Cp),  X  (//  -  U    .     .     -     -     (396) 

.(i)   The  stack  loss  due  to  incomplete  combustion  is  {per  pound 

fO* 

(B.t.u.},  =  CXi4.<ioo+COX4joo+Hi52,i83 -4.095  h+9U, 

(397) 
•  Neglecting  hydrocnrirons. 


■1 
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in  which  the  symbols  represent  weights  (per  pound  oi  C)  (d 
the  respective  substances,  and  the  parenthetical  quantity  is  ob- 
tained by  subtracting  fircmi  62,000  (iidiich  is  the  higher  heat 
value  of  H)  the  value  p  (logo.y  +  o^SS  t/^Qas  previously 
given  in  Eq.  (366). 

(j)  The  heat  loss  due  to  the  moisture  in  the  flue  gas  depends 
on  the  source  of  this  water  vapor.  That  moisture  which  is 
humidity  in  the  air  used  for  combustion  is  already  vapor  and 
merely  beccnnes  superheated  in  the  furnace;  hence  the  heat.it 
carries  away  is,  per  pound  of  C, 

(5j.tt.)A  =  kxc,(/,-o (398) 

where  A  is  the  weight  of  moisture  in  the  air  used  per  pound  of  C. 

The  loss  of  heat  due  to  the  moisture  {M  pounds  per  pound 

of  C)  originally  in  the  coal  and  due  to  the  water  formed  by  the 

combustion  of  hj^rogen  {M'  pounds  per  pound  C)  is,  frcMn  Eq. 

(366), 

{Bd.u,M  ^{M  +  M')  {iogo.7  +  0455 1,  -O     •    •     (399) 

per  pound  of  C 
The  total  loss  of  heat  per  pound  of  carbon  in  the  fuel  is 

therefore,     {BJ.u.)s  +  {BJ.u.)j  +  {B.Lu.)  ^  +  iBJ.u.)M' 


CHAPTER  XXIX. 


249.  Introductory.  In  a  preceding  chapter  the  phy::>ics  and 
hcmistry  of  combustion  were  discussed  for  theoretical  cases 
pnly.  The  study  of  the  actual  process  of  combustion  in  furnaces, 
rhich  will  now  be  taken  up.  is  more  complicated  because  of 
he  wide  variation  in  composition  of  the  fuels  and  because  there 
1  a  great  diversity  of  conditions  under  which  the  combustion 
Skes  place.  In  fact,  there  are  so  many  variables  involved  that 
E  is  substantially  true  that  in  no  two  distinct  cases  does  com- 
lustion  occur  under  identical  conditions;  and  even  in  the  same 
Urnace  the  conditions  are  constantly  varying.  It  is,  therefore, 
mpossible  to  give  detailed  discussion  of  all  the  possible  cases 
fhich  might  occur.  There  are,  however,  certain  broad  general 
principles,  which,  if  understood,  will  be  of  great  value  in  the 
olution  of  problems  of  combustion  which  arise  in  actual  furnace 
(peration  and  these  will  be  brought  out  in  the  discussion  which 
bllows. 

350.  Air  Supply,  (a)  In  the  actual  case,  as  in  the  theoretical 
tne,  it  is  essential  that  there  be  furnished  a  proper  amount  of 
,ir  to  supply  the  oxygen  needed  for  combustion.  The  exact 
quantity  necessary  depends  on  the  composition  of  the  fuel  and 
an  readily  be  computed  by  the  method  given  in  Sect.  243,  if 
he  chemical  analysis  is  known.  The  approximate  amount  of 
J  required  is  olten  determined,  however,  by  assuming  that  the 
nnbusliblc  pari  of  the  fuel  is  pure  carbon,  each  pound  of  which 
sjuires  It. ft  pounds  of  air  for  complete  oxidation  and  results 
I  12,6  pounds  of  flue  gas.  But,  for  most  practical  purposes  it 
(  sufficiently  accurate,  and  is  on  the  side  of  liberality,  to  assume 
he  entire  weight  of  coal  to  be  composed  of  carbon,  and  then  use 
iese  same  values  as  per  pound  of  coal.  It  should  be  noted, 
Dwever.  that  the  richer  the  fuel  is  in  combustible  hydrogen  the 
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greater  will  be  the  proportion  of  air  needed,  since  one  pound  of 
hydrogen  requires  34.6  pounds  of  air  or  about  three  times  as 
much  as  is  needed  per  pound  of  C. 

(b)  In  the  ideal  case,  with  fuel  containing  only  carbon,  each 
per  cent  deficiency  of  air  has  been  seen  to  result  in  14  per  cent 
loss  of  heat  because  of  incomplete  combustion  (Sect.  236  (g)). 
As  the  same  thing  is  substantially  true  in  the  actual  case,  great 
care  must  be  exercised  to  insure  an  adequate  supply  of  air  at  all 
points  in  the  fuel  bed.  As  the  bed  usually  varies  in  thickness 
and  in  compactness  and  texture,  the  air  will  meet  with  less 
resistance  in  passing  through  certain  portions  than  through 
others.  Hence  to  insure  against  a  deficiency  at  any  point,  it  is 
necessary  to  furnish  an  amount  of  air  somewhat  in  excess  of  what 
would  theoretically  be  required  if  it  were  uniformly  distributed 
and  properly  mixed  with  the  combustible  material.  Excess  air 
is  not  without  its  disadvantages,  however,  as  it  dilutes  the 
furnace  gases  and  lowers  their  temperature,  which  results  in  a 
decrease  in  the  boiler  efficiency.  Although  its  presence  is  thus 
detrimental,  it  is  much  less  so  under  ordinary  conditions  than  b 
a  deficiency,  as  was  made  clear  in  Fig.  320.  Hence  excess  air 
should  alwa>*s  be  present  but  in  as  small  amount  as  is  consistent 
with  satisfactory  combustion.  Usually  an  excess  coefficient 
A"  of  from  1.5  to  2  times  the  theoretical  amount,  on  a  basis  of 
carbon*  is  used,  i.e.,  from  18  to  24  pounds  of  air  per  pound  of 
combustible.  And,  as  before,  it  is  usually  sufficiently  accurate 
to  assume  the  whole  of  the  coal  to  be  carbon,  and  to  use  these 
values  as  per  pound  of  coal.  Experience  shows  that  if  less  than 
1.3  times  the  theoretical  quantity  is  used,  the  amount  of  CO 
formed  is  generally  prohibitix'e  even  if  the  greatest  care  is 
exercised  in  operating  the  furnace.*  But  even  if  the  air  supply 
is  adei}uate  it  does  not  follow  that  the  combustion  is  complete, 
as  will  be  seen  in  the  next  section. 

c''  With  pure  carbon  as  the  fuel  and  with  the  theoretical  air 
supply,  there  would  Ix?  about  21  per  cent  by  volume  of  COt  in  the 
flue  ca<.  as  was  sho\ni  in  Sect.  238  {c).  Excess  air  will  result  in 
a  vl^vroase  of  the  volume  per  cent  of  CO*  in  the  manner  shown  by 


*  Even  when  cv^nsidenble  excess  air  is  furnished  therr  may  be  some  CO  farmed 
in  :he  :h:v-ker  dr.i  n^on?  oompac;  ;v>nion5  of  the  fuel  bed  because  of  local  deficienqf 
of  dir.  Fun  her.  ti'.^ie  cas  analx-^ses  may  also  show  CO  which  was  formed  by 
which  wii!  not  be  discufssed  unii!  liter. 
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Ae  curve  in  Fig.  321.  As  the  combustible  part  of  the  coa!  ii 
mostly  carbon  tliese  same  percentages  hold  substantially  in  ihi 
actual  case.*  Thus,  a  knowledge  of  the  COj  content  in  tlie  flui 
gas  indicates  in  a  general  way  the  operating  conditions  withii 
the  furnace  and  enables  the  boiler  attendant  to  intelligenil; 
adjust  the  air  supply- 
Experience  has  shown  that  if  Che  supply  of  excess  air  is  such 
to  give  COt  by  volume  between  10  per 
cent  and  15  per  cent,  the  furnace  will 
be  operating  at  its  highest  efficiency, 
the  exact  best  percentage  varying 
with  different  conditions.  A  value 
below  10  per  cent  nearly  always  in- 
dicates too  great  an  amount  of  air 
and  a  value  above  15  per  cent  is 
generally  indicative  of  too  small  an 
amount,  as  it  is  usually  accomi^anied 
by  the  formation  of  prohibitive  quan- 
tities of  CO.  In  Fig.  321  the  region 
(or  the  best  results  is  that  shown  by 
the  portion  of  the  curve  lying  between  (a)  and  (b);  in  Fig.  320 
it  falls  between  the  points  bearing  similar  letters;  and  it  apt 
proximately  corresponds  with  excess  coefficient  (X)  between  I.J 
and  2.0,  given  in  (b)  of  this  section. 

(d)  in  order  that  the  boiler  attendant  may  obtain  an  indica- 
tion of  the  amount  of  air  being  supplied,  various  devices  Icnowa 
as  COt  Recorders,  Econometers,  Combustion  Recorders.  Com- 
posimeters,  etc.t  are  used  to  indicate  the  COi  content  of  the  flue 
gases.  Some  of  these  appliances  operate,  or  indicate,  intermit-^, 
tenlly,  some  continuously,  and  some  give  a  continuous  graph-' 
ical  record  so  that  the  owner  or  manager  of  the  plant  can  checic 
the  operation  over  any  desired  period  of  time.  In  the  use  of  all 
these  instruments  it  is.  of  course,  necessary  to  obtain  samples  of 
gas  truly  representative  of  the  average  and  to  guard  against  the 
infiltration  of  air  through  the  boiler  setting  or  the  flues  betweea 
the  furnace  and  the  sampling  point. 

*  .Uthough  [he  percentage  of  CO,  b  sarnewhat  less  because  of  the  other  combus- 
tible and  noncombustible  ronstkuenl;  present  in  the  flue  gas  in  the  itctual  case. 

t  For  description  ami  method  ol  usine  such  apparatus  sec  Carpenter  and  Diede-    ^ 
ichs,  "  Experimental  Engineering,"  published  by  John  Wiley  It  Sons. 
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mled  by  contact  with  the  relatively  cold  walls  of  the 
Itoilcr  (which  are  at  a  temperature  of  about  350  degrees)  or  with 
bthcr  cooling  surface. 

(c)  To  prevent  the  stralification  of  the  air  and  gases,  special 
means  are  sometimes  adopted,  such  as  employing  steam  jets 
^bove  the  fire  and  using  baffle  walls,  arches,  and  piers  in  the 

issage  of  the  flame,  to  bring  about  an  intimate  mixture. 

(d)  In  order  that  the  air  used  above  the  fuel  bed  shall  not 
liill  and  extinguish  the  flame,  it  should   be  heated  either  by 

issing  ii  through  the  fuel  bed.  or  through  passages  in  the  hotter 
irts  of  the  furnace  setting,  or  in  some  other  way  before  mingling 
rith  the  gases;  or  else  the  mixture  of  gases  and  air  should  be 
lade  to  pass  over  or  through  hot  portions  of  the  fuel  bed,  or 
hould  be  brought  into  contact  with  furnace  walls,  or  other  brick- 
fork,  which  is  at  a  temperature  sufficiently  high  to  support  the 
Dm  bust  ion. 

(e)  In  order  that  the  flame  shall  not  be  chilled  and  extinguished 
c  coming  in  contact  with  cold  objects,  it  should  be  protected 
,■  the  hot  furnace  walls  until  combustion  is  complete.     The 

umace  should  have  proper  volume  to  accommo<]aie  the  burning 
.  and.  when  the  conditions  are  such  that  the  flame  is  long, 
he  distance  from  the  fuel  bed  to  the  relatively  cold  boiler  sur- 
ices  with  which  the  gases  first  come  in  contact,  should  be  at 
ist  as  great  as  the  length  that  the  Rzme  attains  when  the  fire 
I  being  forced,  The  length  of  Jiante  depends  on  the  amount  and 
haracter  of  the  volatile  matter  in  the  fuel,  on  the  rapidity  of 
ombustion  and  on  strength  of  draft.  It  varies  from  a  few 
aches,  with  coke  and  anthracite  coal,  to  8  feet  or  even  more 
rith  highly  volatile  coals  —  even  20  feet  has  been  reached  with 
ome  western  coals. 

,  (f)  In  order  to  have  complete  combustion  of  all  the  fuel  in  a 
umace  it  is  necessary  that  uniform  conditions  prevail  through- 
Alt  the  fuel  bed:  and  to  bring  this  about  it  is  essential  that  the 
uel  itself  be  uniform  in  character.  Therefore,  the  best  results 
re  obtained  with  coal  that  has  been  graded  as  to  size.  Eape- 
ially  is  this  true  with  anthracite  coal  which  ignites  slowly  and 
B  more  difficult  to  keep  burning  than  volatile  coals.  This  coal 
requires  a  rather  strong  draft  and  unless  the  bed  is  uniform  the 
nish  of  air  through  the  less  dense  portions  tends  to  deaden  the 
xe  in  those  regions,  hence  good  results  can  be  obtained  with  this 
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coal  only  when  it  is  uniform  in  size  and  evenly  distributed.  The 
more  common  sizes  of  coal  are  given  in  Tables  XVI  and  XVII, 
on  pages  465  and  466. 

(g)  Smoke  may  be  composed  of  unconsumed,  condensible 
tarry  vapors,  of  unbumed  carbon  freed  by  the  splitting  of  hydro- 
carbons, of  fine  noncombustible  matter  (dust),  or  of  a  combina- 
tion of  these.  It  is  an  indication  of  incomplete  combustion,  and 
hence  of  waste,  and  in  certain  communities  is  prohibited  by 
ordinance  as  a  public  nuisance.  Smoke  can  be  avoided  by  using 
a  smokeless  fuel,  such  as  coke  or  anthracite  coal;  or,  when  the 
more  volatile  coals  are  used,  by  bringing  about  complete  com- 
bustion of  the  volatile  matter.  In  general,  the  greater  the  pro- 
portion of  the  volatile  content  of  the  coal  the  more  difficult  it  is 
to  avoid  smoke,  though  much  depends  on  the  character  of  the 
volatile  matter.  Coals  which  smoke  badly  may  give  from  3  to 
5  per  cent  lower  efficiencies  than  smokeless  varieties. 

For  each  kind  of  coal  and  each  furnace  there  is  usually  a  range 
in  the  rate  of  combustion  within  which  it  is  comparatively  easy 
to  avoid  smoke.  At  higher  rates,  owing  to  the  lack  of  furnace 
capacity,  it  becomes  increasingly  difficult  to  supply  the  air,  mix 
it  and  bring  about  complete  combustion.  Hence  when  there  is 
both  a  high  volatile  content  in  the  coal  and  a  rapid  rate  of  com- 
bustion it  is  doubly  difficult  to  obtain  complete  and  smokeless 
combustion. 

However,  although  smoke  is  an  indication  of  incomplete  and 
hence  inefficient  combustion,  it  may  sometimes  be  more  profitable, 
because  of  lower  price  or  for  other  reason,  to  use  a  coal  with 
which  it  is  difficult  to  avoid  smoke,  provided  the  latter  is  not  a 
nuisance  or  is  not  prohibited  by  statute. 

252.  Value   of   Coal  as  Furnace   Fuel,     (a)   The   principal 
factors  which  determine  the  commercial  value  of  coal  used  in 
furnaces  are:    (i)  price  per  ton,  (2)  calorific  value,  (3)  moisture, 
(4)  volatile  matter,  (5)  ash,  (6)  clinkering  tendency,  (7)  sulphur 
content,  (8)  skill  and  attention  required  in  firing,  (9)  suitability 
for  the  furnace  and  grate  in  which  it  is  to  be  used,  (10)  size  of 
coal  and  (11)  available  draft.     These  will  be  briefly  discussed 
in  this  section. 

(b)   As  exposure  to  weather  (sun  and  rain,  humidity,  etc.), 
during  transportation  and  storage,  may  affect  the  amount  of 
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moisture  and  may  also  alter  the  chemical  composition  and  heat 
value  of  the  fuel,  especially  if  rich  in  volatile  matter,  the  various 
analyses  to  which  the  coal  may  be  subjected  should  be  made 
after  the  coal  is  received,  or  as  received,  if  it  is  desired  to  deter- 
mine its  value  to  the  consumer.  The  calorific  value  Is  preferably 
determined  by  using  a  fuel  calorimeter  (see  Sect.  244);  it  may. 
however,  be  approximated  by  any  of  the  methods  given  in  Sect. 
227(a)  to  (d).  The  moisture,  fixed  carbon,  volatile  matter,  and 
ash  per  pound  of  material  may  be  found  by  making  a  proximate 
analysis  (Sect.  226(c)). 

(c)  If  payment  is  made  on  the  basis  of  weight  of  coal  "  as 
leceived,"  and  if  the  heat  value  is  stated  per  pound  of  "dry 
.coal."  part  of  the  expenditure  is  for  an  unknown  weight  of 
moisture  and  the  true  value  of  the  coal  is  unknown.  Evidently, 
from  the  consumer's  standpoint,  the  purchase  price  should 
depend  directly  on  the  calorific  value  per  pound  of  the  moist  coal 
05  received.  In  any  case  the  ultimate  test  of  the  commercial 
value  is  the  cost  per  B.t.u.  delivered,  or  the  number  of  B.t.u. 
received  for  a  unit  of  money  expended,  other  things  being  equal. 

(d)  The  moislure  in  the  coal  is  undesirable  as  it  not  only  (i) 
reduces  the  heat  value  per  pound  of  material  fired,  but  (2)  adds 
to  the  transportation  expense  per  B.t.u.  delivered,  and  this  in 
direct  proportion  to  its  weight,  and  (3)  decreases  the  furnace 
and  boiler  efficiency  since  it  becomes  superheated  steam,  thereby 
absorbing  heat  (latent  and  sensible),  which  is  carried  up  the 
chimney  with  the  flue  gases.  The  heat  thus  carried  away  per 
pound  of  moislure  is  the  same  as  that  per  pound  of  water  vapor 
formed  from  the  combustion  of  hydrogen  and  is  given  approxi- 
mately by  Eqs.  {364)  or  (365}.  Roughly,  the  loss  of  the  total 
heat  value  of  dry  fuel  is  about  ^  per  cent  for  each  per  cent  of 
moisture    present.     In    eastern    coals    the    moisture    normally 

itangea  from  l  to  5  per  cent,  and  in  western  coals  from  3  to  15 
percent. 

(e)  Coals  in  which  the  volalile  matter  is  proportionately  very 
high  usually  give  very  long  flames,  and  cannot  be  burned  com- 
pletely or  smokelessly  unless  used  with  furnaces  of  proper  type, 
size,  and  proportions  and  unless  special  means  are  provided  for 
regulating  the  air  supply  above  the  grate.  .  Even  with  the  most 
careful  management  it  is  usually  difficult,  and  in  some  cases 
Impossible,  to  obtain  complete  combustion  with  such  coals  even 
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though  an  extreme  amount  of  air  is  used;    hoice,  the  calori- 

metric  test  is  not  a  true  measure  of  the  commercial  value  of  sudi 

fuels  in  furnaces.    Fig.  333  shows  in  a  very  general  way  how  the 

efficiency  of  combustion  varies  widi 

the  per<£ntage  of  volatile  matter  in 

the  dry  combustible.' 

Coals  tnoderately  rich  in  volatile 
matter,  such  as  semibituminous  and 
the  less  volatile  bituminous  coalsi 
not  only  have  the  highest  calorific 
values  (as  shown  by  the  Mahler  curve 
Fig.  315),  but,  when  [iroperly 
fired,  generally  produce  the  highest  efficiencies  of  any  of  the 
coals  used,  and  with  suitable  conditions  and  reasonable  attea- 
tion  can  be  burned  smokelessly,  or  practically  so. 

(f)  The  ash  detracts  from  the  value  of  coal  in  a  number  <A 
ways.  The  greater  its  percent^e  the 
more  difficult  it  is  to  obtain  complete 
combustion  because  of  its  tendency  to  S'^^ 
pack  and  obstruct  the  pass^e  of  air;  |m 
also  the  greater  may  be  the  proportion 
of  coal  lost  through  the  grates  with  the 
ash,  and  the  less  is  the  capacity  of  a 
given  furnace  because  of  the  reduction 
of  combustible  per  square  foot  of  grate 
area.  The  way  in  which  the  value  of 
the  fuel  decreases  as  the  percentage  of  ash  increases  is  shown  in 
Fig.  323,  which  in  a  general  way  applies  to  any  kind  or  grade  of 
coal.'  When  the  ash  constitutes  40  per  cent  of  coal,  the  fuel  is 
practically  valueless  in  ordinary  furnaces. 

The  expense  of  generating  a  given  amount  of  heat  is  increased 
(l)  by  the  cost  of  transporting  the  inert  matter  in  the  coal,  (3) 
by  the  transportation  and  disposal  of  the  ash,  (3)  by  the  extra 
labor  involved  in  handling  the  lai^er  weight  of  material,  (4)  by 
the  unconsumed  coal  carried  through  the  grates  with  the  ash 
{which  may  be  from  10  per  cent  to  60  per  cent  of  the  latter),  and 
(5)  by  the  heat  absorbed  by  the  ash  (specific  heat  =  0.2  to  0,24) 
and  carried  with  it  to  the  ash  pit.     In  commercial  coals  the  ash 

*  "  Steamiog  Tests  of  Coab,"  Bull.  13.  U,  S.  Bureau  of  Mines.     Page  133. 
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generally  ranges  from  4  per  cent  to  25  per  cent  of  the  total 
weight. 

The  smaller  the  size  of  coal  the  more  difficult  is  it  to  remove 
the  inert  portion,  hence  the  greater  is  the  proportion  of  ash 
present,  as  is  shown  by  curve  i  in  Fig.  324  for  one  particular 
kind  of  coal. 
^H    (g)    I(  the  ash  is  fusible  at  a  comparatively  low  temperature,  it 
^Hpll  form  clinkers  when  a  hot  fire  is  maintained,  as  when  the 
^Kapacity  of  the  furnace  is  being  forced,     This  clinker,  of  course, 
I     detracts  from   the  value  of  the  coal. 
Steam,  or  water  vapor,  passed  through 
the  fire  with   the  air,   is  supposed  to 
decrease  the  tendency  to  clinker  be- 
I  cause  of  absorption  of  heat  and  the 
I  consequent  lowering  of   the  tempera- 
I  -lure  of  the  ash.     For  this  reason  steam- 
I  blasts  are  sometimes   used  under  the 
Btc  with  clinkering  coals  and  often 
■aier  is  kept  in  the  ash  pit  to  furnish 
iapor.     If  clinker  is  formed,  the  fu.sed  ^"'s-  3=4 

s  must  be  frequently  broken  up  to 
!rmit  the  free  passage  of  air  through  the  fuel  bed  to  support 
^c  combustion. 

(h)  Sulphur  in  coal  is  objectionable  not  only  because  of  its 
relatively  low  heat  value,  but  because  of  the  deleterious  effect  on 
the  boiler  materials,  and  because  it  is  thought  that  in  some 
instances  it  indicates  the  presence  of  clinker-forming  matter, 
although  clinker  also  occurs  when  it  is  absent.  The  sulphur 
should  not  exceed  3}  per  cent. 

(i)  In  general,  in  using  the  same  coal  with  a  given  furnace  and 
draft,  the  efficiency  and  capacity  of  a  grate  will  vary  with  the 
sise  of  the  coal,  as  is  shown  by  curves  2  and  3  in  Fig.  324,  for  one 
particular  kind  of  coal  tested  under  a  certain  boiler.'  The  best 
size  for  given  conditions  can  be  determined  from  experiment  or 
from  a  study  of  data  relating  to  similar  coals  burned  under  like 
circumstances.  If  for  some  reason  it  is  necessary  to  burn  a  given 
of  a  particular  coal,  there  is  usually  some  design  of  furnace 
^d  some  set  conditions  which  will  give  best  results;  these  can  be 
f  '   Abbott.  "  Characlwislics  of  Coals,"  Jottr.  Western  Soc.  of  Eng'rs.,  Oct.  16, 
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determined  experimentally  if  no  information  on  the  subject  is 
already  available. 

In  general,  the  smaller  the  coal  the  harder  is  it  to  bum  com- 
pletely and  the  greater  is  the  percentage  of  unbumed  coal  lost 
through  the  grates  with  the  ash.  In  consequence  there  is  less 
general  demand  for  the  smaller  sizes,  hence  they  cost  less  per  ton 
than  the  larger  grades  and  therefore  are  widely  used  in  boiler 
furnaces  even  though  their  heat  value  per  pound  is  low  because 
of  the  large  percentage  of  ash  present.  Very  fine  coal  and  dust 
are  difficult  to  bum  on  ordinary  grates  as  they  tend  to  pack  and 
check  the  flow  of  air  through  the  fuel  bed,  or  else,  with  strong 
draft,  are  carried  along  with  the  air  to  be  deposited  within  the 
boiler  setting  or  to  be  carried  up  the  stack  to  become  a  nuisance 
to  the  surrounding  neighborhood.  They  may,  however,  be 
burned  successfully  by  the  methods  which  will  be  given  in  Sect. 

253. 

(j)  Caking  of  the  coal,  if  excessive,  is  in  general  undesirable 
because  of  its  tendency  to  prevent  the  passage  of  air;  but  where 
provision  is  made  to  break  up  the  bed,  continuously  or  inter- 
mittently, a  certain  amount  of  caking  may  be  advantageous. 

(k)  The  different  kinds  of  coal,  and  the  various  sizes,  do 
not  generally  bum  at  the  same  rates  under  equal  drafts.  With 
a  given  grate  and  draft,  it  is  of  course  necessary  to  use  a  coal 
which  will  develop  the  amount  of  heat  that  is  needed  for  the 
particular  purpose  for  which  the  furnace  is  used,  for  example, 
if  used  under  a  boiler,  it  must  be  possible  to  burn  enough  coal 
to  evaporate  the  maximum  amount  of  steam  required  of  the 
apparatus.  Hence  under  certain  conditions'  the  possible  rate  of 
combustion  may  have  an  influence  in  the  selection  of  a  coal. 
Sometimes  when  there  is  uncertainty  as  to  the  kind  of  coal  which 
will  eventually  be  used,  —  the  grate  is  made  of  such  size  that  the 
heat  output  will  be  sufficient  even  though  the  slowest  burning 
coal  is  used,  —  then  it  will  be  ample  for  freer  burning  kinds  — 
and,  subsequently,  if  desirable,  portions  of  the  grate  can  be 
blocked  off  to  reduce  its  area  when  the  latter  are  used. 

Further,  there  is  some  rate  of  combustion  (pounds  of  coal 
burned  per  square  foot  of  grate  surface  per  hour)  which  will  give 
the  best  combined  boiler  and  furnace  efficiency  for  each  kind  and 
size  of  coal.  Fig.  325  shows  the  variation  in  the  case  of  one 
-articular  kind  and  size.     In  general,  the  rate  and  heat  develop- 
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mg  capacity  of  the  furnace  is  least  with  coale  low  in  volatile 
matter,  rich  in  ash,  and  small  in  size,  and  is,  of  course,  directly 
dependent  on   the   rate   of   air  supply,  that  is,  on  the  draft 
The  best  rate  to  adopt  in  each  particular  instance  can  be  deter 
mined  experimentally,  or  from  a  study  of  similar  cases,  when 
data  are  available. 

(1)    As  the  volatile  matter  is  mostly  burned  beyond  the  fuel 
bed,  the  rate  at  which  coal  can  be  burned  on  a  given  grate  area  is 
largely  dependent  on  the  proportion  of  fixed  carbon  it  contains 
The  best  economies  arc  usually  ob- 

^^1 

tained  when   from  12  to   16  pounds     | 
ot  fixed  carbon  are  burned  per  square     j 
foot  of  grate  surface  per  hour.     The     a 
ordinary  rates   of  combustion    (under     j 
normal  conditions)  are  alxiut  as  fol-     > 
ows:     Anthracite,     from    15    to    20     | 

/ 

/ 

^ 

1 

}OUnds;  Semi-bituminous,  from  18  to          um^aa^t^Bi,.w\.tt<int>xim 
12  pounds:  and  Bituminous,  from  24                   Fig.  3^5. 
to  32  pounds.     Dividing  the  estimated 

total  weight  of  coal  which  is  normally  to  be  burned  per  hour 
by  the  proper  normal  rate,  as  here  given,  results  in  the  necessary 
grate  area  and  allows  for  an  overload  capacity  of  from  50  per 
■  cent  to  IQO  per  cent,  depending  on  the  intensity  of  draft  that  is 
available.   Evidently  with  anthracite  coal  there  must  be  a  larger 
[rate  area  for  a  given  total  capacity  than  with  bituminous  coal 
Greater  rates  of  combustion  are  possible;    for  example,  in 
nrpedo  boats  under  forced  draft  {4^  inches  to  6  inches  of  water 
the  rate  is  from  55  to  65  pounds  per  square  foot;   and  from  So 
to   120  pounds,  and  even  more,   have  been  burned   (with  air 
.pressure  of  from  4  inches  to  8  inches  of  water).     Rates  as  high  as 
90  pounds  per  square  foot  per  hour  are  commonly  used  in  loco- 
motive practice  where  exhaust  steam  nozzles  are  employed  for 
inducing  strong  drafts. 
^L    (m)   The  maximum  capacity  obtainable  with  a  given  furnace 
^pod  with  a  certain  intensity  of  draft  available  varies  not  only 
Hpith  the  kind  of  coal  but  also  with  the  size.     Curve  3,  in  Fig 
^^34,  shows  how  it  varied  with  the  size  of  one  kind  of  coal  tested 
Hamder  a  certain  boiler.     It  is  to  be  noted  that  the  maximum 
Mjffidency  is  not  necessarily  obtained  with  the  size  that  gives  the 
^ftreatest  capacity. 

i 
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The  capacity  per  square  foot  of  grate  area  with  amAwadUmi 
is  limited  largely  by  the  fact  that  if  this  fud  is  burned  rapidly, 
it  has  a  tendency  to  break  up  into  small  pieces  which  pack  and 
clog  the  pass^e  of  air  through  the  fud  bed.  This  actioo  abo 
increases  the  amount  of  unconsumed  coal  lost  through  the  gndei 
with  the  ash  and  this  lowers  the  eflbiency. 

253.  Burning  Powdered  CoaL  (a)  Powdeied  coal  can  Jk 
.burned  in  much  the  same  way  as  a  Hquid  fud  (see  Sect.  (258))  if 
it  is  finely  puh'erized  and  properly  injected  into  a  funiaoe. 
\Mion  used  in  this  way  it  has  many  of  the  advantages  inddeat 
to  the  use  of  liquid  fuel. 

Ho\^'e\'er.  the  cost  of  crushing  and  the  difficidty  of  unifani 
foixlin^:.  combined  with  the  complicated  apparatus  ncceamy, 
have  thus  far  pre\'ented  any  wide  use  of  pomJeied  coal  as  a 
Ixnlor  fuel  although  it  has  been  x^ery  successfully  and  widely 
usctl  for  firing  cement  kilns  in  regions  in  whidi  the  price  of  oil 
is  high. 

(b)  Coal  too  fine  to  use  on  ordinary  grates  may  be  bri§mM 
by  using  a  suitable  binder,  as  has  already  been  mrationedt  and 
can  then  be  used  con\-eniendy  and  efficiently  on  ordinary  grates. 

VC^   \\'here  special  dumping  grates  are  used  with  air  snppfied 
fn^ni  Ix^low.  under  press4iTe  that  can  be  readily  regufatted,  veiy 
small  amthmciu  cxvil  has  been  succes^ully  burned  in  the  foDoviag 
niaunor:   The  fuel  bed  is  not  disttn^wd  for  riraning  for  several 
hours,  the  ash  being  allowed  to  accumulate:  the  intensity  of  air 
pn^ssuTV  in  the  ash  pit  is  increased  as  the  fud  bed  ^wm"** 
thicker,  but  is  al>ft~a\>i  such  that  it  becomes  atmospheric  at  Ae 
siirKuv  ot  the  bed :    ihe  products  of  combustion  are  carried  off 
bv  draft  iiulucvd  bv  a  stack  or  other  de\ice  above  the  fod  bed; 
and  tho  fuel  is  distributed  as  ex-enly  as  posisible  in  firing.    Owing 
Tv^  I  ho  nncness  of  the  cwi!.  there  is  a  strong  tendency  for  it  to 
bvnt>  v>ut  in  sjxns.  to  pre\"er.t  which  the  surface  of  the  fnd  bed 
mvs>i  Ix"  snux^thcvi  wr>'  frecuerLtly  by  using  a  distxibutii^  bar 
with  a    r^heavi.     As  :r.e  pressure  just  aix>\"e  the  fod  bed  ii 
a! :v.v>>phorio  ihcTV  :s  r.o  ob;t?vti:r.  t?  the  freqiacnt  'y^*»i'^  of  the 
Cvv^r>4  Ml hivh  is  r.eccssarv  :\^r  :hus  wjrkir.c  tie  fire.      Ctrim  aid 
orhtt  'o>*  ^ravie  Okm!.  >*h:ch  :>  :ni:r.art!y  oxisidered  to  be 
•JLterial.  rt^ay  ir*  :?<^r.te  :ns:ar.c>ss  i>e  burned  with 
ihs  bv  this  raethwxi- 
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I  354.  Selection  and  Purchase  of  Coal,  (a)  The  price  per  ton 
f  the  coal  delivered  is  the  sum  of  the  cost  at  the  mines  and  the 
SB  n  sport  at  ion  charges;  hence  the  distance  from  the  mines  may 
e  an  important  bearing  on  the  cost  to  the  consumer.  The 
:  at  the  mine  depends  on  the  difficulty  in  mining  —  hence 
r  hard  anthracite  it  is  greater  than  for  the  softer  bituminous 
nls.  Also  the  price  is,  of  course,  dependent  on  the  supply  and 
■nand.  Thus  the  smaller  sizes,  fxring  in  the  least  general 
mand,  are  the  cheapest  per  ton  at  the  mine.  Grades  that  are 
generally  considered  worthless  cost  least,  hence  much  attention 
B  being  devoted  to  devising  methods  tor  utilizing  these  grades. 

(b)  In  selecting  coal  for  boilers  the  problem  is  to  find  that 
BJund  and  size  which  will  give  the  greatest  number  of  useful  heat 
I  units,  or  which  will  evaporate  the  largest  weight  of  water,  per 

Mlar  expended  for  the  fuel  and  its  firing.  In  default  of  avail- 
pie  information  on  the  sitbjert,  a  series  of  tests  under  varying 
inditions  may  be  conducted  to  determine  the  coal  best  suited 
B  a  given  furnace  and  to  find  the  size  of  that  coal,  thickness  of 
,  strength  of  draft,  method  of  firing,  etc.,  which  will  give  the 
•st  results  under  the  prevailing  conditions.  But  such  tests 
lay  be  as  much  a  determination  of  the  skill  of  the  fireman  as  of 
the  quality  of  the  coal,  and,  therefore,  may  not  give  the  true  value 
that  the  coal  would  have  when  properly  used.  Although  many 
such  tests  have  been  made,  the  published  data  of  this  kind  at 
present  available  are  rather  meager. 

(c)  The  principal  sources  of  data  are  reports  of  the  U,  S. 
Bureau  of  Mines,  of  State  Geological  Surveys,  Engineering  Ex- 
periment Stations,  engineering  "pocket  books,"  special  treatises 
on  fuels,  combustion,  and  boilers,  catalogs  of  boiler  manu- 
facturers, etc.     Nearly  all  of  these  reference  books  give  tables 

'of  the  chemical  and  proximate  analyses  of  the  fuels  from  the 

ijinore  important  coal  fields  and  while  the  coals  from  a  given  field, 

Lod  e\en  from  the  same  mine,  vary  considerably  in  character, 

1  data  may  be  used  in  default  of  tests  of  samples  of  the  coal 

^ally  under  consideration. 

(d)  Some  large  consumers  have  adopted  the  following  plan 
r  the  selection  and  purchase  of  coal:    By  actual  test  in  their 

i  they  determine  what  kind  is  cheapest  and  most  desir- 
l>le  to  use  under  the  prevailing  conditions  and  thus  a  standard 
Miilication  as  to  heat  value,  size,  ash,  volatile  matter,  mois- 
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ture,  sulphur,  etc.,  is  drawn  up.  Then  a  ** standard  price"  for 
such  coal  is  agreed  upon  with  the  dealer,  with  adjustments 
by  premiums  and  penalties  for  variations  from  the  specificaticm. 
The  adjustment  is  directly,  or  almost  directly,  according  to  the 
variation  in  the  heat  value  per  pound  of  the  moist  coal  (or  coal 
'*as  received"),  and  is  dependent  on,  but  not  directly  propor- 
tional to,  the  variation  in  the  percentage  of  ash,  volatile  matter, 
and  sulphur  from  the  standard. 

For  example,  the  Interborough  Rapid  Transit  Company  (New 
York  City)  accepts  a  run  of  mine  bituminous  coal  without 
penalty  or  premium  if  it  contains  20  per  cent  or  less  of  volatile 
matter,  9  per  cent  or  less  of  ash,  and  ij  per  cent  or  less  of  sulphur. 
The  standard  heat  value  per  pound  is  14,250  B.t.u.  with  penalty 
and  premium  averaging  about  one  cent  per  ton  per  50  B.t.u. 
variation  from  standard.  Penalties  per  ton  range  up  to  18 
cents  for  4  per  cent  excess  in  volatile  matter,  and  to  23  cents 
for  4J  per  cent  additional  ash,  and  to  12  cents  for  i  per  cent 
excess  sulphur.* 

Some  concerns  specify  as  standard  a  run  of  mine,  semibitumi- 
nous  coal  with  i  per  cent  moisture,  20  per  cent  volatile  carbon, 
7  |>er  cent  ash,  and  not  over  I  per  cent  of  sulphur.  If  x  is  the 
per  cent  of  variation  from  standard,  the  adjustment  in  the  price 
is  inversely  proportional  to  x  for  moisture,  to  2x  for  volatile 
carbon,  and  to  3  a:  for  ash. 

The  government  awards  contracts  on  competitive  bids  which 
are  accompanied  by  specifications  of  the  kind  and  composition 
of  the  coal  (ash,  B.t.u.,  and  size),  which  the  bidders  propose  to 
furnish.  The  analyses  are  made  on  the  coal  **as  received," 
which  takes  care  of  the  effect  of  moisture.  The  coal  is  rejected 
if  it  clinkers  or  produces  smoke  excessively  and  if  it  exceeds 
certain  limits  in  the  amount  of  ash,  volatile  matter,  sulphur, 
fine  coal,  and  dust.  A  small  variation  from  the  specified  stand- 
ard is  tolerated  ^-ithout  penalty  or  premium;  but  if  there  is 
much  difference,  the  price  is  varied  directly  with  the  heat  value 
of  the  coal  "as  received"  (including  moisture)  and  is  adjusted 
'n^  to  a  sliding  scale  for  x-ariations  in  ash  and  sulphur.f 

Ry.  Eng'g.  Asaoc.,  Rqwit,  191 1. 

mmu  of  Mines,  Bulletin  11.  **  Purchase  of  Coaa.  etc;**    BnlL  41, 

Pttrdiasmg  Coal  under  Government  Specifications;'*   and  Tedmicd 

iSr  "  Samfiling  Coal,  with 
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355.  Furnace  Operation,  (a)  The  efficiency  and  capacity 
obtained  with  a  given  coal  and  furnace  depend  much  on  the 
knowledge,  skill,  and  attention  of  the  furnace  attendant  and 
especially  is  this  the  case  if  the  furnace  is  hand  fired. 

(b)  In  addition  to  the  considerations  already  discussed  it  is 
mportant  with  many  kinds  of  coal  to  have  the  right  combination 
(  thickness  of  fuel  bed  and  draft.  For,  in  general,  with  each 
luality  and  size  of  fuel,  and  with  each  method  of  firing  and  rate 
i  combustion,  there  is  some  combination  of  thickness  and  draft 
rhich  will  give  best  results  —  although  there  is  considerable 
Btitude  with  some  coals.  Thin  beds  tend  to  let  an  excessive 
mount  of  air  pass  through  and  require  frequent  and  careful 
ring  and  close  regulation  of  draft.     Very  thick  beds  require  less 

itlention  and  give  quicker  response  to  sudden  increase  in  de- 
land,  but  necessitate  stronger  drafts  and  are  conducive  to  the 
brmation  of  CO.  With  a  given  draft  and  coal  the  maximum  rate 
f  combustion  is  largely  dependent  on  the  thickness  of  bed.  In 
pneral,  the  coarser  the  coal  and  the  stronger  the  draft,  the 
bicker  should  be  the  bed.  But  here,  again,  it  seems  impossible 
o  give  any  rule  that  would  be  at  all  general  in  application;  for 
Ifith  anthracite  coal,  the  thicknesses  used  vary  from  4  inches  to 
2  inches  and,  with  bituminous,  from  6  inches  to  16  inches, 
lepending  on  the  quality  and  size  of  coal,  the  draft,  method  of 
iring,  etc.  Hence  the  best  combination  must  ordinarily  be 
Dund  by  experience  in  each  instance. 

(c)  With  anlkracite  coal  not  only  must  the  bed  be  kept  uni- 
Drm  but  it  must  be  disturbed  as  little  as  possible  in  cleaning 
he  fire.  Hence  shaking  grates,  which  cut  off  the  lower  part  of 
he  bed  with  minimum  disturbance  of  the  upper  part,  can  be 
ised  to  special  advantage  with  this  coal. 

(d)  The  intensity  of  draft  pressure  needed  is  directly  dependent 
I  the  resistance  offered  to  the  passage  of  air  through  the  fuel 
xl.    Its  pressure  is  usually  stated  in  terms  of  "inches  of  water." 

^Or  the  usual  kinds  and  sizes  of  coal  and  for  ordinary  conditions 
he  drops  in  air  pressure  through  the  fuel  bed  are  shown  by  the 
rdinates  of  the  curves  in  Fig.  326,*  in  which  the  abscissas  are 
ates  of  combustion  expressed  as  pounds  burned  per  square  foot 
if  grate  surface  per  hour. 

MocUSed  from  curves  Riven  in  "StirlinR,"  published  by  the  Stirling  Co,  <i9os). 
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(e)  In  an  up-draft  furnace,  fired  from  above,  the  air  ordinarily 
enters  through  the  ash  doors  below  the  grates,  the  draft  being; 
induced  by  the  stack,  which  in  some  instances  is  assisted  by 
steam  blowers,  or  by  fans.  The  amount  of  air  and  the  rapidity 
of  combustion  can  be  regulated  by  adjusting  the  dampers  in  the 
flues  leading  to  the  stack,  by  regulating  blowers  or  fans,  and  by 
varying  the  openings  in  the  ash  doors.  If  coal  is  fired  inter- 
mittently, as  in  hand  firing,  the  layer  of  fresh  coal  temporarily 
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chokes  the  air  supply  received  through  the  bed  and  this  occurs 
at  the  time  when  the  most  rapid  distillation  of  volatile  matter 
is  in  progress.  Hence,  immediately  after  firing  a  fresh  quantity 
of  coal,  particularly  if  it  is  rich  in  volatile  matter,  an  adequate 
supply  of  air  should  be  introduced  above  the  fuel  bed  and  this 
amount  should  be  diminished  gradually  as  the  rate  of  distillation 
decreases.  This  air  may  be  furnished  through  the  fire  doors, 
which  may  be  gradually  closed  by  hand  or  by  some  automatic 
device  so  arranged  that  the  rapidity  of  its  action  can  be  adjusted 
to  suit  the  fuel,  or  it  may  enter  through  inlets  in  the  boiler  front 
or  in  furnace  walls,  or  through  passages  in  the  bridge  wall  at 
the  back  of  the  grate. 

In  hand  firing  there  is  also  a  loss  due  to  the  relatively  kmg 
period  of  time  during  which  the  doors  are  open  while  firings 
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lich  permits  large  quantities  of  cold  air  to  enter  and  pass  over 
:  boiler  heating  surfaces.  As  the  conditions  in  the  furnace 
widely  and  quite  rapidly  with  the  method  of  firing,  the  best 
oilts  can  only  be  obtained  by  close  attention  on  the  part  of  the 
tendants  and  especially  is  this  the  case  when  the  fire  is  being 
seed  —  a  time  when  it  is  the  most  difficult  to  give  such  ai- 
ntion. 

l(f)  Tbc  way  the  coal  is  distributed  on  the  fuel  bed  is  of 
iportance.  In  general,  there  are  three  methods  of  hand  firing 
mmonly  used: 

(1)  In  one,  called  spread  firing,  the  fresh  coal  is  each  time 
read  evenly  over  the  entire  surface  of  the  bed.  This  is  the 
ethod  commonly  adopted  with  anthracite  coal- 

(2)  In  the  second,  known  as  alternate  firing,  fresh  coal  is 
iced  on  but  one-half  of  the  grate  at  a  time,  which  permits 
Kss  air  to  pass  through  the  other,  thinner  and  brighter  half 

F  the  combustion  of  freshly  evolved  volatile  matter.  Spot,  or 
icker,  firing  is  similar:  aliernatespotsonan  imaginary  checker- 
ijrd  are  fired  simultaneously,  and,  as  before,  the  volatile  matter 
I  the  fresh  coal  is  supplied  with  heated  air  by  the  excess 
pount  tliat  passes  through  the  remaining  |x)rtions  of  the  bed. 
1  these  methods  of  firing,  the  coal  is  placed  each  time  on  the 
ighter  [jortions  of  the  fuel  bed. 

{5)  In  coking  firing,  which  is  used  only  with  caking  coals,  the 
I  is  placed  on  the  front  edge  of  the  fuel  bed  and  allowed  to 
,  the  volatile  matter  passing  back  over  the  bed  and  mixing 
pi  the  hot  air  passing  through  this  portion.  After  distillation 
complete  the  coke  is  pushed  back  and  distributed  over  the  bed. 
ii  method,  while  effective,  does  not  permit  of  high  rates  of 
nbuslion. 

ig)  Evidently  the  best  results  can  be  obtained  only  when  the 
nditions  arc  maintained  uniform,  that  is,  when  the  coal  is 
I  continuously  and  uniformly  and  there  is  no  variation  in 
air  supply.  Thus,  with  hand  or  inlermltlent  firing,  the  coal 
tould  be  fired  frequently,  in  small  amounts,  and  it  should  be 
ribmed  with  skill,  while,  in  addition,  the  draft  should  be 
rcfuUy  adjusted.  However,  such  close  attention  is  op[x)site 
.the  natural  tendencies  of  furnace  attendants,  and  even  with 
3t  is  impfissiblc  with  some  coals  to  obtain  complete  and  smolce- 
t  combustion  with  hand  firing. 
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(h)  By  the  use  of  automatic  mechanical  stokers,  however,  the 
coal-feeding  operation  is  made  continuous  and  the  conditions  are 
kept  uniform.  They  involve  but  little  labor  or  attention  and 
with  them  it  is  possible  to  obtain  practically  smokeless  combus- 
tion with  nearly  all  kinds  of  coal  provided  that  (i)  the  grates  and 
the  furnace  setting  are  properly  proportioned  to  suit  the  fuel, 

(2)  proper  attention  is  given  to  the  firing  and  air  supply,  and 

(3)  a  suitable  rate  of  combustion  is  used  per  square  foot  of  grate 
surface.     Mechanical  stokers  will  be  described  in  Sect.  257. 


256.  Grates  and  Furnaces,  (a)  The  number  of  square  feet 
of  grate  surface  may  be  determined  in  the  manner  described  in 
Sect.  252  (1).  The  width  of  grate  is  commonly  made  equal  to  the 
distance  between  the  walls  of  the  boiler  setting,  and  the  length 
of  grate  is  ordinarily  found  by  dividing  the  desired  area  by  this 
width.  With  hand  firing,  grate  lengths  up  to  10  feet  have  been 
used  with  dumping  grates,  while  with  ordinary  grates  the  limit 
of  length  is  usually  6  feet  because  of  difficulty  in  cleaning  the  fire. 


Hg.  327. 

(b)  To  prevent  the  grate  bars  from  burning  away  they  should 
be  of  suitable  material  (white  C.  I.  is  generally  used),  and  should 
be  of  such  shape  as  to  present  relatively  small  surface  to  the  fuel 
bed  and  expose  large  radiating  surface  to  the  current  of  air. 
They  must  be  in  short  lengths  (not  over  3  feet  ordinarily),  set 
so  as  to  allow  for  expansion  and  contraction  and  also  for  warping. 
They  must  provide  sufficient  passage  for  air,  and  must  permit 
the  ash,  but  not  the  coal  to  pass  through.  In  addition  they  must 
be  readily  cleaned  of  clinker. 

(c)  Of  the  great  many  kinds  of  grate  bars  in  use  four  of  the 
most  common  forms  are  shown  in  Fig.  327.     In  this  figure,  (c) 
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is  for  sawdust  and  the  rest  are  for  coal.  For  fine  coal  flat  plates 
like  (d)  with  small  perforations  are  sometimes  used ;  and  these 
may  have  the  exposed  surface  recessed  so  as  to  become  filled  with 
a  permanent  layer  of  fine 
ashes  in  order  to  protect  the 
bar  from  the  heat  and  also 
to  prevent  the  adherent!^  «l 
clinker  to  the  metal. 

(d)      Fig.       328      shows       OTK 

form  of  shaking  grale,  of  which 
there  are  a  great  many  dif- 
ferent   kinds   in    use.     Wilh 

such  grates  ihe  fire  is  not  only  moru  eabily  clcanud,  but  the  fire 
doors  do  not  have  to  be  opened  during  the  operation;  and  the 
bed  is  disturbed  but  little,  which  is  especially  valuable  when 
anthracite  and  noncaking  coals  are  burned.  Some  are  provided 
with  means  for  breaking  the  clinker,  or  the  caked  coal  bed,  and 
others  for  dumping.     Their  cost  is,  of  course,  greater  than  for 

I  ordinary  grates  but  they  often  give  from  i  per  cent  to  5  per 
cent  better  efficiency  than  flat  grates. 


Fig-  3^0- 

(e)  Fig.  329  sliows  a  typical  furnace  with  fittings.  The 
arrangement  shown  in  Fig.  330  is  the  roofiea  jurnacc  suitable  (or 
coals  low  in  volatile  matter,  say  wilh  less  than  20  per  cent. 
Fig-  551  shows  the  tile  rooj  arrangement  in  which  the  flame  is 
protected  by  a  roof  ul  refractory  material  supported  by  the 


nwvT  -TOr  IT  ma^  ~atxs.  Tjis  .Mrangenieiit  is  suitable  fof 
rji^  ia^rre  viii^.  ;nr  imiii^rdy  ~i«T^  is  jnle  difficulty  in  TTwln"g 
"int;  './-.t  (T  ea^r  is  an;  is  the  jame. 

'     -''^-  ;j—  ^i<jw=  1  Jvci  JTHt  "waici  can  be  boilt  in  front  o( 
in'  -  -ft  J   :tjier     Ir  ii&fs  in  Lnisnd^Kenc  n»f  and  walls  to 


:  lei"  i:ni  TUiiiss  TCSBcii:  rie  complete  combustion  of 

i-Ttr   :u.-  1-  iiiiia  ~:  rhu  T^na.aop  losses  because  of  the 

-i:r-ji:=  -ij^tiiwc.     iS'iis  pt;ssble  iz  should  be  confined 

;  r-j-iuiT  tijiier  ierznif.  «:  is  to  reduce  this  external 

'.~.  -sit  Z  'iT^  I'i^n  ^he  rxi  ind  walU  are  sometimes 

:ie  ■v".-^  TasfStt'is  lerwee^  r-^r  the  circulation  of  air 

wtrioh  i  supplied  to  the  furnace. 

^  This     irringeraent     senses    the 

■:t'iie  ptirpotie  of  furnishing  hot- 

^^^    '^  iir  i=d  of  reducing  the  radJa- 

i  I     QtMitfn''  ^-ti  I':':*  by  lowering  the  temper- 

_  J     I  t^  iiure  ct  the  outer  walls. 

:.j   ,..    "  £     I:i  ill  these  figures  of  fur- 

caires  the  distance  A  should  at 

.-.'.  ■>.-;/•?.:— ..^  U'.zz'..  in-i  the  ex:emal  radiating  surface (rf 

■'.^  ~r.:  .'A  re  — _iie  jj  5rr-i!i  as  is  expedient.     The  fur- 

■.-;  '  i-vsi^-i  ::t  tr.e  h::  ^i^es  musi  be  lined  with  fire  brict, 

r'_    --.-•  \^^:  ^i.des  :r.  ftimace?  in  which  the  firing  is 

i',--.:r.':    -.r:'T.~'.   ricTs.  win^  wills,  etc.,  are  sometimes 

■;,-;  :  i-si^e-aiv  of  the  gases  to  mL\  them  and 


'   .     \'.\   -hvA-  i  d'Tj.-n-drcft  /iirnace.     In   this  form  of 

•■'■  ';:-:> r  li'ra".'.-  bars  are  cooled  and  are  rather  widely 

'!':.'■  ".-A  \~  fired  on  the  upper  grate  and  the  volatile 

i    '.irrj"!  'lownward  by  the  draft  so  as  to  pass  over  the 

r'ly  b'jrrn.i]  coals  which  have  fallen  to  the  lower  grate. 


^  Tht  efintmcy  ti  a 
of  unbiffiKd  coal  «nk  til 
pendent  oa  the 
from  the 

bearing  oa  the  pcridiB^Kr  tt 
the  boder,  they  «S  be  am- 
sidered  in  oooDcctka  vitk  dK 
goteral  lihrmina  of  boSerd- 
liciencies  in  Sect.  259. 

257.  Automatic  Mechaskml  ^ 
Stokers.  (ajTHeprii>:i:.i.' :.:'- 
teiriagei  derived  fnxr.  r 
of  mechaoica]  stokers 

ComtitioQS:     (2)    pTDET--- 

proper  prmisioa  for  burriir.^  it:  j  i  i-i'-.-t  "'-  inir:!  jO  to  ^ 
per  cent  UExir  txiet  in  Urge  plants  iln  small  plants  there  may  be 
no  saving  beouiae  a  certain  number  of  firemen  are  al»^>'s  nece^ 
sary  and  the  tntroductioa  of  stokers  may  not  reduce  the  number) ; 
(4)  relief  of  men  from  strenuons  duties  and  from  exposure  to 
beat;  (5)  greater  ease  in  obtaiaitig  good  economy;  i'6)  the  elimi- 
nation to  a  large  extent  of  the  personal  etement  in  firing:  (7)  tlie 
greater  possibilit)*  of  smoke  pre%'ention  with  the  poorer  grades 
of  coal:  and  (S)  greater  rates  of  combustion  than  arc  poesiUe 
without  smoke. 

(b)  The  main  dUadvantoges  (which  may,  or  may  not.  be  pre*-  J 
eni  in  any  gi\-en  make  of  stoker)  are:  (l)  Greater  first  cost  (and,! 
iaterest  on  same);  (2)  possible  lack  of  durability  and  greater 'j 
cost  of  repairs:  (3)  cost  of  power  to  operate:  (4)  greater  compli-  1 
cation:  (5}  inability  to  meet  sudden  changes  in  load;  (6)  failure  1 
to  distribute  coal  evenly;  (7)  loss  of  unbumed  coal  with  ashes;, 
and  (8)  loss  due  to  use  of  steam  in  the  air-blast.  \Vliai  was] 
said  about  the  design  and  arrangement  of  grate  bars  and  funtacc 

ia  general  in  the  preceding  sections  also  applies  to  automatic! 
stokers. 

(c)  At  the  lower  rates  of  combustion  it  is  possible  to  obtain.  I 
about  as  good  results  with  hand  firing  as  with  automatic  stukirrt,  J 
but  this  involves  the  employment  of  painstaking  men  of  great] 
fljoU  who  command  higher  wages  than  the  ordinary.  Wlt^ 
^^^fttic  stoken.  and  furnaces  designed  to  suit  the  < 
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draft,  the  best  results  are  obtainable  with  very  little  effort  or 
skill  on  the  part  of  the  attendants.  Most  plants  using  auto- 
matic stokers  are  also  equipped  with  automatic  coal  c^n^^ying 
machinery  and  means  for  delivering  the  coal  by  gravity  to  the 
hoppers  of  the  stokers,  and  in  such  cases  the  labor  is,  of  course, 
reduced  to  a  minimum. 

(d)  No  one  type  of  mechanical  stoker  is  equally  valuable  for 
all  kinds  of  coal,  but  practically  any  kind  of  coal  can  be  burned 
efficiently  and  smokelessly  with  a  suitable  stoker,  provided  the 
rate  of  combustion  does  not  exceed  a  certain  value  which  is 
dependent  on  the  kind  of  coal.* 

(e)  In  hand  firing  one  man  can  effectively  attend  to  from  300 
to  500  boiler  horsepower,  and  at  the  same  time  wheel  the  coal 
and  ashes,  and  regulate  the  feed  water  pumps,  draft,  etc.  In 
such  case  from  1000  to  2500  pounds  of  coal  are  handled  per  hour. 

When  merely  tiring,  with  coai  delivered  by  others,  one  man  can 
hand  fire  about  1000  boiler  horsepower,  i,e.,  handle  from  4000 
to  5000  pounds  of  coal  per  hour. 

With  automatic  stokers  provided  with  coal  fed  by  gravity 
from  overhead  bunkers,  one  attendant 
can  ordinarily  care  for  from  2000  to 
4000  boiler  horsepower,  uang  from 
8000  to  20,000  pounds  of  coal  per  hour. 
(f)  Mechanical  stokers  may  in  gen- 
eral be  classified  as: 

(a)   Over  feed    (including    (i)    front 
feed,  {2)  side  feed,  and  (3)  chain  grate) 
and  (b)  underfeed. 
pv.  514,  These  will  now  be  discussed  in  a  very 

general  way, 

(g)  In  most  over-feed  stokers  {see  Fig.  334)  the  coal  is  deposited 
in  a  hopper  from  which  it  is  automatically  and  continuously  fed 
to  the  grate  and  made  to  pass  under  a  more  or  less  extensive 
coking  arch,  which  is  maintained  at  a  high  temperature  and  serves 
the  same  purpose  as  the  roof  of  the  Dutch  oven.  Air,  heated  or 
otherwise,  is  usually  admitted  with  the  coal  under  the  coking 
arch.  The  grate  bars  are  moved  in  such  manner  as  to  carry  the 
bed  of  coal  constantly  in  one  direction  and  as  it  progresses  it 
*  Itull.  40,  U.  5.  Bureau  of  Mines,  "  Smokeless  CombustioD,"  an  iuvestigatioa 
or  several  hucdrcd  planls. 
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gradually  burns  out.     As  the  coal  approaches  the  hotter  portion 

of  the  fuel  bed  a  progressive  distillation  o(  the  volatile  matter 

occurs.     The  resulting  gas  mixes  with  the  air  above  and  the 

mixture  then  passes  under  the  coking  arch  which,  being  heated 

to  incandescence,  reflects  the  heat  from  the  bright  portions  of 

rthc  bed  and  deflects  the  gas  so  as  to  make  it  pass  over  the  rest 

f  the  bed.     Thus  the  conditions  are  excellent  for  the  complete 

nmbustiun  of  the  volatile  content. 

The  rate  at  which  coal  is  fed  from  the  hopper  to  the  grates  and 

^t  which  it  is  carried  along  the  latter  can  be  varied  and  should  be 

)  adjusted  that  combustion  of  the  coal  is  just  completed  when 

fthe  end  of  the  grate  is  reached.     If  completed  before  this  point 

cold  air  will  force  its  way  through  the  thin  bed  of  ashes  at  the  end 

and  reduce  the  efficiency;   and  if  not  completed  unbumed  coal 

will  be  lost  with  the  ashes. 

The  stokers  may  be  driven  in  various  ways,  such  as  by  small 
■team  engines,  by  electric  motors,  or  by  belting  from  conveniently 
ated  line  shafting. 
(h)    Fig-  335  shows  diagrammatically  a  typical  arrangement 
jpf  a.  front-feed  stoker  with  inclined  grate.     It  has  a  hopper,  coal- 
lusher  feeding-device,  dead  plate,  coking   arch,  and  air  inlet 
mder  the  latter.     The  grate  bars  are  stepped  and  inclined,  and 
hey  are  mechanically  oscillated,  or  reciprocated,  in  such  way 
s  to  cause  the  bed  of  coal  to  gradually  descend.     The  rapidity 
md  amplitude  of  motion  of  the  pushers  and  grates  can  be  so 
regulated  that  the  coal  is  just  burned  out  by  ihc  time  it  reaches 
ie  bottom  of  the  grate.     The  ashes  and  clinker  become  de- 
bited on  the  ash  table,  which  is  dumped  by  hand  from  time  to 
When   the  ash   table  is  tilted   a  guard   is  brought  into 
isition  (as  is  shown  at  (a)  in  the  figure)  to  keep  the  fuel  bed 
■om  sliding  down  and  being  dumped  at  the  same  time.     In  the 
;ure,  the  upper  reciprocating  grate  bars  are  hollow  and  the  air, 
which  is  injected  into  their  interiors  by  steam  jets  S.  issues 
through  openings  in  the  risers  of  the  steps.     The  lower  grates 
rock  or  oscillate  about  the  trunnions  shown  in  (6)  and  have 
replaceable  bars.     There  are.  of  course,  many  other  designs  and 
ingementa  of  front-feed  stokers. 
(i)   The   typical  arrangement   of  side-feed  stokers  is  shown 
Hiagrammaticaliy  in  Fig.  336.     Coal  is  fed  into  the  magazine 
from  above  or  through  doors  (n)  in  the  front  and  is  pushed,  by 
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some  suitable  mechanism,  to  the  coking  plate  at  the  top  of  the 
ilnclined  grates.  The  whole  bed  of  fuel  is  covered  by  a  fire-brick 
arch,  and  air,  which  is  heated  by  passing  over  the  arch,  is  dis- 
charged into  the  furnace  just  above  the  entering  coal.  The  coal 
gradually  descends  on  the  inclined  grate  bars,  the  alternate  ones 
of  which  are  constantly  moxing.  The  ash  and  clinkers  are 
crushed  by  rotating  (or  reciprocating)  grinders  located  at  the 
bottom  of  the  grates.  Some  grinders  are  made  hollow  and  are 
connected  to  the  draft  in  such  way  as  to  cause  cold  air  to  pass 
through  them  to  prevent  overheating.  When  clinkering  coal 
t  used,  steam  {from  the  stoker  engine,  if  there  is  one)  is  dis- 
iiarged  through  the  bed  of  ashes  to  reduce  the  amount  of  clinker 
md  to  make  crushing  easier. 


■  Fig.  337- 

The  advantageous  features  of  this  type  of  stoker  arc  the  large 
iking  spaces,  the  ample  coking  arch,  and  the  voluminous  com- 
istion  chamber.  These  stokers  operate  successfully  with  both 
iniform  and  variable  loads  and  under  a  great  variety  of  condi- 
tions. With  some,  when  certain  types  of  coal  are  used,  there  is 
liRiculty  in  getting  rid  of  the  ash  and  clinker.  The  types  differ 
principally  in  the  manner  of  feeding  the  coal  and  getting  rid  of 
iie  residue, 

(j)   The  typical  arrangement  of  chain-grate  stokers  is  shown  in 
'ig.  337.     This  has  the  hopper,  the  coking  arch  with  air  ducts 
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and  the  feeding  device  common  with  the  other  forms  of  over-feed 
stokers  already  described.  The  grates  consist  of  a  series  of 
endless  chains  carried  on  sprocket  wheels  which  slowly  route 
and  thus  carry  the  coal  toward  the  back  of  the  grate.  The  whole 
mechanism  is  usually  mounted  on  wheels  on  a  track  and  can  be 
pulled  forward  for  inspection  or  repairs.  These  stokers  are 
particularly  adapted  to  the  smaller  and  poorer  grades  of  non- 
caking  coals.  To  operate  satisfactorily  the  thickness  of  fire, 
the  draft,  and  the  speed  of  the  grate  must  be  adjusted  to  suit  the 
load.  Combustion  should  be  complete  when  the  coal  has  just 
reached  the  back  of  the  grate. 

(k)    In  the  under-feed  stokers,  a  typical  arrangement  of  which 
is  shown  in  Fig.  338,  the  coal  is  fed  forward  from  the  hopper,  by  a 


fig.  338. 

reciprocating  pusher,  as  shown  (or  by  a  screw  conveyer  or  other 
suitable  feeding  device),  into  a  retort,  around  the  upper  edges  of 
which  are  replaceable  tuyere  blocks,  through  which  air  is  supplied 
under  pressure.  The  combustion  takes  place  at  the  top  of  the  bed 
towards  which  the  fresh  coal  is  fed  from  below.  The  ashes  and 
clinkers  fall  to  the  sides  of  the  retort  on  dead  plates  from  which 
they  can  be  readily  removed  through  doors  in  the  furnace  front. 
The  volatile  matter  is  liberated  as  the  coal  becomes  heated  and 
this  must  pass  through  the  intensely  hot  coals  above,  where  it  is 
mixed  with  the  entering  air  and  is  completely  burned.  Even 
with  volatile  coals,  the  combustion  is  completed  within  a  veiy 
short  distance  from  the  surface  of  the  fuel  bed,  hence  only  a  vejy 
short  combustion  space  is  necessary*.     Such  stokers  give  satis- 
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ctory  results  even  when  placed  in  corrugated  flues  as  small  as 
irec  Eeet  in  diameter,  such  as  are  used  in  internally  6red  boilers. 

With  such  stokers  it  is  necessary  to  use  very  strong  draft 
ibout  three  inches  of  water)  which  must  be  furnished  by  some 
weed   draft   system,   hence   the  operation   is   independent  of 

ather  conditions.  In  some  instances  the  rate  at  which  air 
nd  coal  are  supplied  is  controlled  automatically  by  the  steam 
ire.  In  one  such  arrangement  the  speed  of  the  blower- 
ngine  is  regulated  by  the  steam  pressure  (a  drop  in  pressure,  due 
J  a  sudden  demand  on  the  boiler,  causing  an  increased  speed  and 
;  a  greater  deliverj-  of  air)  and  the  valves  for  the  steam- 
rtuated  coal  feeder  are  operated  by  this  same  engine;  hence  the 
lies  at  which  the  air  and  coal  are  supplied  are  changed 
multaneously,  are  kept  prof>erly  balanced,  and  the  boiler  pres- 
ire  is  automatically  maintained  substantially  constant. 

With  these  stokers  it  is  possible  to  obtain  very  high  rates  of 

nbustion  in  a  very  limited  space,  from  500  to  600  pounds  of 
lal  per  hour  being  consumed  in  each  retort.  They  operate 
E6t  with  bituminous  coals  which  are  low  in  ash  and  they  are  not 
■dinarily  satisfactory  with  fine  anthracite  coals.* 

There  are,  of  course,  numerous  possible  arrangements  of  such 
tokers.  In  some  the  retorts  are  inclined  and  have  two  hori- 
Dnta!  pushers,  one  above  the  other. 

358.  Burning  Liquid  Fuel,  (a)  Both  crude  petroleum  and  the 
roduct  of  its  partial  refinement,  fuel  oil,  are  very  extensively 
19  fuel  in  boiler  plants.  The  fuel  oil  is  generally  preferable 
>  crude  petroleum  on  the  score  of  safety  as,  due  to  the  removal 
!  the  more  volatile  constituents  during  the  refining  process, 
sh  point  is  higher.  Most  fuel  oil  also  has  a  lower  water 
mtent  than  the  crude  material  and  for  this  reason  there  is  less 
Ulger  of  the  flame  being  extinguished  by  water  collecting  in 

;  fuel  pipes  and  then  passing  as  a  "slug"  through  the  burner. 

(b)  To  successfully  burn  fuel  oil  it  is  necessary'  to  spray,  or 
Kotnize."  it  very  effectively  and  to  mix  this  in  the  furnace  with 

i  necessary  air.  The  furnace  should  be  well  lined  with  brick 
faich,  becoming  incandescent  during  operation,  will  insure 
Itisfactory  combustion  so  long   aa  there  is  sufficient  air  well 

ixcd  with  the  fuel.     It  is  also  essential  that  the  furnace  be  so 

rge  and  so  shaped  that  the  Ijurning  fuel  does  not  come  in  con- 

'  Bull-  40.  U.  S.  Bureau  of  Mines. 
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t  With  boiler  heating  surface;  failure  in  this  respect  will  result 

tin    incomplete  combustion  of  the  fuel,  as  in  the  case  of  long 

laming  bituminous  coal,  and  is  also  liable  to  result  in  the  over- 

lieaiing  and  ultimate  failure  of  the  exposed  heating  surface. 

(c)    The  oil  is  generally  atomized  or  sprayed  by  compressed 

r  by  steam,  the  latter  being  now  the  more  common  method- 

Bt  is  also  occasionally  atomized  mechanically.     In  most  cases  the 

[ril  is  pumped  from  storage  tanks  to  burners  by  small  steam- 

Jriven  pumps.     On  the  way  lo  the  burners  it  is  heated  by  means 

pf  the  exhaust  steam  from  the  pumps,  after  which  it  enters  the 

lozzlesor  "burners."  from  which  it  is  so  sprayed  as  to  give  a  long 

[ftl  of  finely  divided   fuel  which  can  thoroughly  mix  with  air 

dmitted  to  the  furnace.     The  amount  of  steam  required  in 

landling  the  oil  varies  from  about  2.5  per  cent  to  5  per  cent  of 

e  total  amount  generated  —  usually  it  is  about  3  per  cent  and 

It  the  pumps  and  the  burners. 


Fig-  3W-  Fig.  345- 

(d)   The  principal  advantages  of  burning  oil  under  boilers  arc; 

Ease  of  handling  from  tank  car  to  furnace,  as  no  man- 
ual labor  is  required  even  in  the  smallest  plants. 

Small  weight  and  volume,  since  the  oil  has  30  per  cent 
higher  calorific  value  for  equal  weight,  as  compared 
with  coal. 

Lack  of  clinkers  and  ash. 

Higher  average  operating  efficiency  because  of  (a)  ease 
of  operation,  (/>)  ability  to  properly  gauge  and  main- 
tain necessary  air  supply,  {c)  smaller  excess  of  air 
required  because  of  ease  of  forming  good  mixture,  and 
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359.  Losses  Connected  with  Steam  Generation,  (a)  Be- 
ause  of  the  very  intimate  connection  between  the  boiler  proper  * 
end  the  other  parts  which  make  up  the  steam  generating  appara- 
tus, it  is  most  convenient  to  discuss  the  losses  and  efficiencies  of 
boiler,  furnace,  and  grate  at  the  same  time.  Reference  to  the 
energy  stream  in  Fig.  346  will  assist  in  following  the  discussion. 

(b)  It  should  first  be  observed  that  it  is  the  function  of  the 
furnace  to  receive  fuel,  with  its  supply  of  heat  in  latent  form, 
,«nd  to  make  the  maximum  possible  amount  of  this  heat  avail- 
[able  for  use.  The  furnace  may  therefore  be  called  the  "  heat 
generator."  It  is  then  the  function  of  the  boiler  proper  to  serve 
:bs  a  "  heat  absorber  "  and  to  transmit  to  the  contained  water 
and  steam  as  large  a  part  of  this  heat  as  possible.  But  losses 
i^ways  occur  in  making  the  heat  available  In  the  furnace  and 
imilarly  there  are  some  that  are  unavoidable  in  utilizing  that 

at. 

There  are  in  general  three  losses  in  the  furnace:  (i)  Some  of 
the  combustible  is  not  burned,  but  is  lost  with  the  ash;  (2) 
some,  which  is  not  so  lost,  is  incompletely  burned  and  passes  off 
with  the  products  of  combustion  in  fine  particles;  and  (3)  some 
the  heat  actually  made  available  in  the  furnace  is  lost  by 
radiation  and  cannot  therefore  be  utilized  by  the  boiler. 

Thus,  only  a  fraction  of  the  heat  originally  supplied  with  the 

(Uel  is  really  brought  to  the  boiler  heating  surfaces  for  utilization 

I  part  of  this  must  always  be  unavailable  even  in  an  ideal 

wler.  for  after  the  products  of  combustion  are  cooled  to  the 

toiler  (steam)  temperature  there  can  be  no  further  transfer  of 

The  term  "  boiler  "  is  amWipious.     Tt  is  used  to  refer  to  the  boiler  proper  (or 

conUining  die  water  and  steain)  aod  also  to  this  element  in  rombinatioa 

Ith  the  fumare.  setting  and  oilier  parts,  which  collectively  comprise  the  whole 

earn  generating  apparatus.     However,  this  should  not  lead  to  contusion  as  the 

ntcxt  always  makes  clear  the  sense  in  which  the  term  is  used. 
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heat  to  the  boiler.*  This  unpreoenlable  loss  is  equal  to  the  heat 
required  to  raise  the  temperature  of  the  flue  gases  from  atnus- 
pheric  to  boiler  temperature. 

Including  this  one  there  are  three  losses  of  heat  associated 
with  the  boiler  proper  or  "  heat  absorber."  These  boiler  losses 
are:  (i)  The  unpreventable  loss  (in  the  ideal  case)  equal  to 
the  heat  utilized  in  raising  the  flue  gases  to  boiler  temperature; 
(2)  a  loss  resulting  from  the  fact  that  in  commercial  boilers 
the  temperature  of  the  flue  gases  is  never  reduced  to  that  of  the 
steam ;  and  (3}  a  loss  resulting  from  the  radiation  from  external 
surfaces  of  boiler  and  setting. 


&< 


ihh 
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The  exact  \'alucs  of  the  total  radiation  loss  of  the  complete 
apparatus  and  the  proportions  chargeable  separately  to  furnace 
and  to  boiler  are  generally  indeterminate,  but  they  may  be 
approximatwl  more  or  less  closely  in  some  instances, 

(c)  During  a  boiler  test,  it  is  possible  to  obtain  data  which 
can  be  used  in  determining  the  distribution  or  destination  of  the 
known  hoal  value  of  the  fuel  actually  fired.  The  tabulation  of 
such  informatiun  is  called  a  heat  balance  and  accounts  for  all 
the  heat  utilized  and  lost.  It  is  usually  stated  both  in  terms 
()f  B.t.u.'s  and  on  the  percentage  basis.  A  complete  heat  balance 
winilil  include  the  following  eleven  items:  (i)  The  heat  utilized 
(aljMjrbt'd  by  the  water  heated  and  the  steam  generated);    the 

*  There  is  an  exception  lo  this  slalement  in  ihe  special  case  of  boilers  tint 
■aerate  on  the  "'counter  Sow  printiplc."    This  nill  be  discussed  Uter. 
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due  (2)  to  unconsumed  combustible  in  the  ash  and  {3) 
to  the  removal  of  ash  from  the  ash  pit  while  at  high  tempera- 
ture;   the  stack  losses  (Sect.  248)  occasioned  by  (4)  moisture  in 
the  fuel,  (5)  humidity  in  the  air  supplying  the  oxygen,  and  (6) 
water  formed  by  the  combustion  of  hydrogen,  and  tJiat  due  to 
(7)  the  sensible  heat  in  the  flue  gas;  the  losses  due  to  (8)  uncon- 
eumed  CO,  (9)  unbumt  hydrogen  and  hydrocarbons  and   (10) 
to  the  solid  fuel  (such  as  fine  coal  dust  and  soot)  carried  off  by 
lie  draft;  and  (11)  the  losses  not  otherwise  accounted  for  — 
rincipally  radiation.     The  sum  of  the  items  on  the  B.t.u,  basis 
mst,  of  course,  equal  the  heat  in  the  coal  actually  fired,  and 
1  the  percentage  basis  it  must  total  100  per  cent, 
(d)   In  real  tests  it  is  seldom  practicable  to  make  any  such 
complete  balance  as  that  just  given.     It  is  common  practice  • 
o  limit  it  to  the  following  six  items:  —  (t)  Heat  absorbed  by  the 
oiler  proper  and   the  losses  due  to  (2)  moisture  in  the  coal, 
[)  moisture  formed  by  the  burning  of  hydrogen,  (4)  sensible 
eat  in  flue  gases,  (5)  unconsumed  CO,  and  (6)  those  not  other- 
'ise  accounted  for  (including  that  due  to  unconsumed  H  and 
ydrocarbons,  moisture  in  air,  radiation  and  others  not  listed 
ive). 

A  complete  discussion  of  the  method  of  determining  the  vari- 
ous losses  is  outside  the  province  of  this  book.  For  further 
details  the  student  is  referred  to  books  devoted  to  Boilers  and 
'urnaces  and  to  Experimental  Engineering. 

260.  Efficiencies  Cotmected  with  Steam  Generation,  (a) 
^"After  the  preceding  discussion  of  the  losses  occurring  in  boilers 
and  after  a  study  of  the  ener^  stream  in  Fig,  346,  it  is  evi- 
dent that  numerous  ratios  between  the  widths  of  tlie  stream  at 
various  points  will  give  efficiencies  of  the  different  elements  of 
the  steam  generating  apparatus  and  of  their  combinations.  The 
more  important  of  these  efficiences  will  now  be  given,  but  as 
the>"  are  clearly  shown  in  Fig.  346  the  discussion  ^nll  be  very  brief. 

(b)  Of  the  combustible  placed  in  the  furnace,  a  part  may  be 
-lost  through  the  grates  with  the  ash.  That  which  is  not  thus 
lost  must  ascend  from  the  grate  as  volatile  combustible,  as 
gaseous  products  of  combustion,  as  unbumt  solid  matter,  or  as 
a  mixture  of  these;    it  will  be  called  "combustible  ascending 

•  Rules  for  Conduclbg  Boilct  Ttiala.     Code  of  1899,  Trans.  A.S.M.E.,  i«qq. 
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from  the  grate  "  or  "  ascending  combustible."     Obviously,  tbe 
Grate  Efficiency  is 

^jj.^  _  Weight  (or  heat  value)  of  ascending  combustible    .       .    j 
•^  "     Weight  {or  heat  value)  of  combustible  fired     '  ^^^ 

which  is  shown  in  Fig.  346  by  the  ratio  CD/CE. 

(c)  The  Efficiency  of  the  Combustion  Space  (including  the 
coking  arch,  gas  mixing  structures,  and  other  parts  of  the  furnace 
above  the  grate)  is 

^j,^  _  Heat  made  available  for  absorption  by  bailer      .      . 

Heat  in  ascending  combustible 

This  is  shown  in  Fig.  346  by  the  ratio  FG/FH. 

(d)  The  furnace,  or  **  heat  generator  "  includes  both  the  grates 
and  the  combustion  space.     Hence  the  Furnace  Efficiency  is 

^jj.-  _  Heat  made  available  for  absorption  by  boiler    .     . 

Heat  value  of  combustible  fired  ^ 

=  GEf  X  CEf, (401a) 

In  Fig.  346,  FEf  is  the  ratio  IJ/IK. 

The  numerator  in  Eq.  401  is  evidently  equal  to  the  sum  of  (i) 
the  heat  absorbed  by  water  and  steam,  (2)  the  heat  in  flue  gases 
leaving  boiler  and  (3)  the  radiation  from  the  boiler  and  its  walls. 
Items  (i)  and  (2)  can  be  determined  without  difficulty,  but  the 
radiation  losses  can  in  general  only  be  approximated.  For  this 
reason  the  Furnace  Efficiency  is  often  omitted  from  reports  of 
tests. 

(e)  It  has  been  seen  that  the  heat  used  in  raising  the  flue  gas 
from  the  temperature  of  the  atmosphere  to  that  of  the  steam 
is  not  ordinarily  available  for  use  in  the  boiler  proper;  *  hence, 
if  the  products  of  combustion  are  at  a  temperature  equal  to,  or 
below,  that  of  ebullition  there  will  be  no  heat  used  by  the  boiler, 
even  though  the  furnace  itself  has  high  efficiency,  —  and  as  far 
as  the  boiler  proper  is  concerned,  all  of  the  heat  is  then  wasted. 
To  have  the  boiler  use  the  maximum  amount  of  heat  evolved, 
the  unavailable  portion  must  of  course  be  made  as  small  as 
possible.  This  useless  amount  is  not  only  dependent  on  the 
temperature  difference  between  the  air  and  steam,  but  also  on 
the  weight  of  the  gas  heated.     It  can,  therefore,  be  minimized 

*  See  footnote  on  page  534  for  exception. 
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by  decreasing  the  weight  of  excess  air  supplied  for  combustion. 
Furthermore,  the  benelit  of  such  reduction  is  twofold,  for  not 
only  does  it  decrease  the  amount  of  heat  unavailable,  but  it 
results  in  higher  temperature  of  the  products  of  combustion, 
which  makes  the  unavailable  portion  a  smaller  percentage  of  the 
total  heat  evolved,  which  in  turn  increases  the  efficiency  of  the 
earn  generating  apparatus  as  a  whole.* 

(f)  The  Apparent  Efficiency  of  Boiler  (alone)  may  be  defined 

I  nvi      Heat  absorbed  by  water  and  steam  , 

ABE.J  =  — — „    ,  , — ,  I,   .  ■    , .    .       (402 

Heat  developed  in  furnace 

id  in  Fig.  346  ABE}  =  LM;LN.  The  determination  of  this 
Bciency  involves  a  knowledge  of  the  furnace  losses, — hence, 
te  the  Furnace  Efficiency,  it  is  difficult  to  determine  accurately. 

(g)  But  some  of  the  heat  developed  in  the  furnace  has  been 
town  to  be  unavailable  for  thi'  ordinary  boiler,*  and  it  is  hardly 
Bt  to  charge  against  such  a  boiler  the  non-utilization  of  this 
jrtion;  bence,  the  apparent  efficiency  is  not  a  true  measure  of 
le  performance  in  such  case.  Calling  the  heat  with  tempera- 
ire  above  that  of  the  steam  "potential  heat,"  then,  what  maybe 

led  the  True  Boiler  Efficiency  is,  evidently. 


Potential  heat 
Fig.  346,  TBE}  =  OPiOQ.  the  unavailable  heat  being  shown 

(h)  What  is  called  "  Boiler  Efficiency  "  in  the  A.S.M.E.  codet 
>plies  to  the  combined  efficiency  of  boiler  proper  and  combus- 
30  space  and  is  expressed  as  follows: 

„  ,_.    _        Hrat  absorlied  by  ivaler  and  steam 

^       Heal  available  in  ascending  combustible.'      *  * 
=  ABEfXCEf {404a) 

"  It  hM  lieen  itURsested  (Bull.  1%,  U.S.  Bureau  of  Mines)  that  the  numerators 
E(]s.  (400)  an'l  (401)  should  include  only  the  heat  alxve  ihr  steam  Icmpcrature, 
^evGT.  while  this  limitation  wnuld  be  satist&ctoiy  (or  camt»risoti  bciwrrn  ImilErs 
the  ordinary  type,  il  iroul'l  Ijp  inapplicable  to  those  using  ihe  "counter  flow  " 
Inclplc.  Hence,  in  this  text,  thi-  numentot  will  be  taken  » the  total  heat  evolved 
the  luniacc.  rrgtrdlc^  of  its  [empcraturc. 
t  Tram.  A.S.M  K..  iSgq. 
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In  Fig.  346  BCEf  =  ST/SU.  This  efficiency  measures  the 
perfection  of  operation  of  the  boiler  and  combustion  space  com- 
bined (not  including  the  grate)  and  as  it  can  be  readily  deter- 
mined it  is  generally  given  in  reports  of  boiler  tests. 

In  practice  "  Boiler  Efficiencies  "  as  high  as  85  per  cent  have 
been  obtained  with  oil  fuel  in  short  tests  under  exceptional  con- 
ditions. In  continuous  running,  75  per  cent  efficiency  with  coal, 
and  80  per  cent  with  oil,  are  attainable  under  uniform  conditions. 
With  variable  loads  and  ordinary  conditions,  average  efficiencies 
of  60  to  65  per  cent  throughout  the  year  represent  good  perform- 
ance. 

(i)  The  Overall  Efficiency  (OEf  =  VW/  VX  in  Fig.  346)  includes 
the  Grate  Efficiency  as  well  as  the  '*  Boiler  Efficiency,"  and  in 
the  A.S.M.E.  code  is  termed  the  "  Efficiency  of  boiler  including 
grate."  It  is  a  measure  of  the  perfection  of  the  combined  per- 
formance of  the  boiler,  furnace,  and  grate,  and  is  affected  by  the 
skill  of  the  firemen,  the  suitability  of  the  coal  and  draft,  the 
dropping  of  coal  through  grate  bars,  etc.     Hence 

nnf  —  Heat  absorbed  by  water  and  steam  .      . 

Heat  in  the  combustible  fired      '      •     •     •     v4  0^ 

=  BCEf  X  GEf  =  GEf  X  CEf  X  ABEf.     .     .  (405a) 

The  OEf  can  be  readily  determined  and  hence  is  usually  incor- 
porated in  reports  of  boiler  tests.  With  solid  fuels  its  numerical 
value  is  slightly  less  than  the  BCEf, 

(j)  Except  in  the  case  of  *'  Boiler  Efficiency  "  (BCEf)  and  of 
"  Boiler  Efficiency  including  grate  "  (OEf),  there  is  lack  of  agree-  • 
ment  among  engineers  as  to  the  definitions  and  names  of  the 
efficiencies  of  the  various  elements  of  the  steam  generating 
apparatus.  Hence,  before  proceeding  with  the  discussions 
including  the  use  of  such  terms  it  is  always  important  to  first 
arrive  at  an  understanding  of  their  meanings.  The  terms  and 
definitions  used  in  the  foregoing  treatment  appear  to  the  authors 
to  be  the  most  satisfactory  ones. 

261.   Boiler  Heating  Surface  and  Heat  Transmission,     (a) 

The  water  heating  surface  (H.S.)  of  a  boiler  is  the  surface  of 
those  parts  of  the  shell  which  are  in  contact  with  water  on  one 
side  and  with  the  furnace  gases  on  the  other.  As  the  transmis- 
sion of  heat  from  the  flue  gases  to  the  boiler  shell  is  less  rapid 
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ftn  that  from  the  shell  lo  the  water,  the  heating  surface  should 
eoreiically  be  measured  on  the  gas  side  of  the  plates  or  tubes, 
I  the  case  of  tubes,  however,  it  is  common  practice  to  consider 
outer  (larger)  surface  as  heating  surface,  regardless  of 
hether  it  is  exposed  to  water  or  gases. 

I  (b)  With  a  given  amount  of  potential  heat  In  hot  gases,  the 
e  extensive  the  heating  surface  the  nearer  will  the  flue  gases  be 
loled  to  boiler  tem{JeTature  and,  neglecting  radiation,  the  higher 
ill  be  the  true  efficiency  of  the  boiler. 
his  is  shown  by  curve  E  in  Fig,  347 
iiere  ordinates  are   efficiencies,   or 
dative  performance,  and   abscissas 
extent  of  U.S.     With  infinite  sur- 
e  all  the  potential  heat  would  be 
lorbed    and    thus    this    efficiency 
3uld  be  100  per  cent  on  this  assunip- 
hi.     However,  it  is.  of  course,  neces- 

iTy  to  include  the  effect  of  the  radiation  losses  which  evidently 
tpend  directly  on  the  extent  of  the  radiating  surface  which  is 
loportional  to  the  heating  surface.  In  Fig.  347  the  percentage 
this  toss  is  represented  by  the  ordinates  of  the  hne  R.  The 
net  resull,  or  percentage  of  heat  usefully  utilized,  is  given  by  the 
difference  between  the  ordinates  of  the  two  curves  and  is  shown 
by  line  E-R.  Evidently  the  maximum  efficiency,  considering 
diation.  occurs  when  the  boiler  heating  surface  has  an  extent 
presented  by  the  abscissa  OM. 
I{c)  Since  the  cost  of  boiler,  together  with  that  of  its  floor 
(ace  and  housing,  increases  with  the  extent  of  heating  surface, 
;  the  interest  on  first  cost  plus  the  amount  set  aside 
arly  for  depreciation,  insurance  and  taxes  also  increases  at 
e  same  rate,  there  is  also  a  commercial  reduction  in  value  with 
e  extent  of  surface,  which  may  be  shown  by  some  line  such  as 
t  in  the  figure.  Hence,  the  true  or  commercial  mi«r  of  the  heat- 
fH  surfaces  would  be  shown  by  some  such  cur\'e  as  E~R-C, 
ximum  value  corresptjnds  to  a  heating  surface  shown 
f  OM'.  Either  greater  or  smaller  amounts  of  heating  surface 
muld  give  less  return  per  dollar  expended,  hence  the  extent  of 
siting  surface  should  correspond  to  this  abscissa. 
(d)  The  mean  rate  of  evaporation  per  square  foot  of  heating 
trface  per  hour  for  the  whole  boiler  is  obtained  by  dividing  the 
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total  weight  of  equivalent  evaporation  per  hour  by  the  total 
heating  surface.  From  data  obtained  from  tests  of  many  boilers 
operated  at  different  rates,  points  may  be  plotted  with  abscissas 
representing  these  mean  rates  of  evaporation  and  with  oidinates 
representing  either  efficiencies  or  Units  of  Evaporation  per 
pound  of  combustible  per  hour.  Average  curves  drawn  with 
respect  to  such  points  resemble  those  shown  in  Fig.  348  *  and 
are  seen  to  be  similar  to  E-R  in 
Fig-  347-  They  indicate  that  the 
maximum  efficiency  occurs  when 
the  "  equivalent "  mean  rate  of 
evaporation  for  the  whole  boiler  is 
between  2  and  4  pounds  per  square 
foot  per  hour,  corresponding  ap- 
proximately to  a  transmission  of 
from  1900  to  4000  B.t.u.  per 
square  foot  per  hour. 

(e)  But  all  parts  of  the  heating  surface  are  not  equally  effec- 
tive. Evidently  those  parts  in  the  direct  path  of  the  gases  are 
of  greater  value  than  those  exposed  merely  to  stagnant  gases, 
and  those  nearest  the  source  of  heat  are  the  most  effective  of 
any.  Heating  surface  exposed  to  the  "radiant"  heat  of  the  fuel 
bed  and  burning  gases  is  very  much  more  effective  than  that  not 
so  exposed.  Thus,  in  some  cases,  the  small  heating  surface 
immediately  over  the  fire  may  transmit  as  much  as  two-thirds 
of  the  total  heat  absorbed  by  the  boiler,  and  at  this  point  from 
20  to  35  or  more  pounds  of  water  may  be  evaporated  per  square 
foot  of  heating  surface  per  hour,  whereas  the  average  for  the 
whole  boiler  may  not  be  more  than  one-tenth  as  much.  It 
follows  that  surfaces  farthest  away  from  the  furnace  must  neces- 
sarily transmit  very  much  less  than  the  average.  Hence  impor- 
tance should  be  placed  not  only  on  the  amount  of  heating  surface 
but  also  on  its  distribution  and  location. 

(f)  Without  going  into  a  detailed  discussion  of  Heat  Trans- 
mission at  this  point  (for  this  will  be  given  in  Chapter  XXXV)  it 
will  be  advantageous  to  mention  here  the  manner  in  which  the 
heat  generated  in  the  furnace  is  transmitted  to  the  steam. 

Briefly,  the  heat  from  the  fuel  bed  is  first  brought  to  the  heat- 
*  Such  cun'es  arc  eiven  in  Kent'j  "Steam  Boiler  Economy"  and  in  DcHlkin'l 
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surface  by  direct  radiation  from  the  glowing  coal  and  bum' 

ing  gases  {i.e.,  as  "radiant"  heat),  and  by  convection  by  the 

s  which  come  from  the  furnace;    it  is  then  passed  through 

metal  walls  by  conduction,  to  be  absorbed  by  the  water  which 

ly  also  transport  it  by  convection  due  to  the  circulation  of 

liquid;    and  finally,  when  the  water  has  reached  the  tem- 

lure  of  ebullition,  the  further  addition  of  this  heat  results 

the  formation  of  the  vapor. 

(g)  The  rale  of  transmission  *  per  unit-  of  area  of  heating 
surface  depends,  among  other  things,  on  (a)  the  diflerence  in 
temperature  between  the  transmitting  and  the  receiving  media; 
(6)  the  rapidity  (velocity)  with  which  the  gases  are  brought  in 
contact  with  the  heating  surface,  and  (c)  the  rapidity  with 
which  the  heat  can  be  carried  away  by  the  water  (rapidity  of 
water  circulation);  (d)  the  amount  of  scale  and  grease  on  the 
water  side  of  the  plate,  and  (e)  the  amount  of  soot  on  the  surfaces 
exposed  to  the  flue  gases. 

(h)  The  effectiveness  of  each  part  of  the  heating  surface  is 
dependent,  among  other  things,  on  the  difference  between  the 
temperature  (/„)  of  the  gases  on  the  one  side  and  that  (/«,)  of  the 
water  on  the  other,  i,e.,  on  ((„  —  /„).     In  the  case  of  the  ordinary 
has  been  shown,  („  is  constant  and  equal  to  the  tem- 
irature  of  the  steam,  since  all  the  water  is  (approximately)  at 
lat  temperature.     As  the  gases  progress  over 
the  heating  surface  this  temperature  differ- 
ence diminishes  and  the  heat  transmission  per 
square   foot   becomes  less  until   the   limit  of 
"ectiveness  is  reached,  which  generally  occurs 
hen  the  temperature  difference  has  been  re- 
luced  to  around  ioo°  to  200°  F. 
(i)  There  is,  however,  one  way  of  obtaining 
value  of  /a  that  is  below  the  steam  tcm[>era- 
and  therefore  of   making    it  possible  to 
irb  more  of   the  heat  from  the  flue  gas 
"than    can    be    accomplished    in    the  ordinary 
boiler;  this  involves  the  use  of  counter  current  flow.     The  prin- 
tiple  under  which  this  operates  can  be  explained  in  connection 
with  Fig,  349.  in  which  the  arrangement  is  such  that  the  pump 
RefcRnce,  U.  S.  Bureau  iif  Mines.  Bull.  18,  "The  TTaoaroisMon  o(  Heat  into 
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forces  the  water  downward  through  the  heating  coils,  whereas 
the  hot  gases  pass  upward  —  that  is,  the  heat-conveying  and 
heat-absorbing  media  flow  in  opposite  directions.  With  sudi 
arrangement  it  is  obvious  that  the  addition  of  more  heat  absorb- 
ing coils  at  the  top  (as  shown  dotted)  will  result  in  lowering  the 
temperature  at  which  the  gases  leave,  and  that  by  adding  a  suffi- 
cient number  this  temperature  could  be  reduced  to  that  of  the 
entering  water.  Hence,  with  the  counter  current  principle,  /» is 
not  limited  to  the  ^team  temperature  and  more  heat  can  be 
absorbed  by  the  heating  surface  than  is  possible  in  the  ordinary 
arrangement  of  boiler.  Parenthetically  it  may  be  remarked  that 
without  considerable  modification  the  simple  arrangement  shown 
diagrammatically  in  Fig.  349  would  probably  not  be  satisfactory 
as  a  boiler  element. 

The  counter  current  arrangement  is  approximated  in  some 
instances  by  placing  an  "economizer"  (to  be  described  later) 
beyond  the  boiler  so  that  the  hot  gases  after  leaving  the  boiler 
surrender  some  of  their  heat  to  the  water  which  passes  through 
the  economizer  on  its  way  to  the  boiler.  So  far,  the  counter 
current  principle  has  been  ignored  in  the  design  of  most  boilers, 
but  it  is  approximated  in  a  few  types. 

(j)  The  rapidity  with  which  the  gases  flow  over  the  heating 
surfaces  has  a  twofold  influence  on  the  rate  of  heat  transmission: 
for  (i)  more  heat  is  conveyed  to  the  surface  in  a  unit  of  time, 
and  (2)  the  gases  are  brought  more  intimately  in  contact  with 
those  surfaces,  since  there  is  less  opportunity  for  a  stagnant 
nonconducting  film  to  adhere  to  the  surfaces. 

(k)  The  rapid  circulation  of  water  within  the  boiler  is  of  especial 
importance  when  it  is  necessary  to  have  high  rates  of  heat 
transmission,  for  it  brings  larger  amounts  of  water  in  contact 
with  the  heating  surfaces  in  a  given  time  and  also  prevents  the 
metal  from  becoming  overheated.  This  circulation  is  brought 
about  by  providing  a  free  and  unrestricted  path  for  the  current  of 
water  and  by  applying  the  more  intense  heat  at  the  proper  point 
in  this  path.  In  Fig.  350,  (a)  and  {h)  show  elements  of  common 
forms  of  boilers  and  the  arrows  indicate  the  direction  of  circu- 
lation. The  water  just  above  the  furnace  is  less  dense  than 
that  in  the  other  portions  of  the  boiler,  since  it  has  absorbed  more 
heat  and  is  charged  with  bubbles  of  steam,  and  it  therefore  rises, 
being  replaced  by  an  equal  amount  of  water  which  descends  at 
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i  in  the  boiler  where  it  is  colder  and  denser.    This  is  the 
manner  in  which  the  current  is  established  and  maintained  in 
nearly  all  the  standard  types  of  boilers,  as  will  be  seen  in  study- 
Mng  the  figures  in  the  subsequent  sections. 

(1)   In  some  cases  this  circulation  can  be  made  so  powerful 
iiat  the  water  in  the  ascending  column  can  be  discharged  at  an 


Fig.  jso- 

I  elevation  even  considerably  above  that  of  the  surface  of  the 
■  body  of  water  from  which  the  descending  column  receives  its 
I  supply.  This  can  be  accomplished  with  the  arrangement  shown 
Fin  Fig.  551.  in  which  the  arrows  indicate  the  direction  of  flow. 
The  circulation  is  due  to  the  fact  that  material  in  riser  A  is 
sufficiently  charged  with  vapor  to  make  it  weigh  less  than  that 
in  the  down-comer  B,  although  the  altitude 
H  is  greater  than  A.  As  the  liberation  uf 
the  steam  from  the  water  is  supposedly 
more  effective  when  the  ascending  column 
]ischai^es  in  this  manner,  some  lioilers  have 
arrangements  somewhat  like  that  shown  in 
the  diagram.  Sometimes  a  nonreturn  valve 
likeV"  is  inserted  to  insure  the  proper  direction 
of  60W.  After  the  circulation  is  once  estab- 
lished, however,  this  valve  is  no  longer  neces- 
lary,  as  the  current  is  then  very  positive. 

(m)  The  effectiveness  of  the  heat 
tfie  cleanliness  of  the  heating  surface, 
ileposit  of  soot  and  dust  on  the  exterior  surfaces  as  well  as  by  any 
nterior  coating  of  soft  scale  (mud),  of  hard  scale,  or  of  grease. 
Water  in  its  natural  state  contains  more  or  less  foreign  matter 
n  suspension  or  in  solution.  Some  of  the  latter  precipitates 
when  the  temperature  reaches  alxjut  200°  F..  still  more  when 
300*  is  approached,  and  the  remainder,  which  is  left  when  the 
latef  becomes  steam,  gradually  becomes  concentrated  until  it 
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reaches  the  stage  where  deposition  occurs.  Deposits  on  the 
water  side  of  the  walls  of  the  boiler  reduce  the  heat  transmitting 
ability  of  the  plates  from  o  to  20  per  cent,  depending  on  the 
thickness  of  the  scale  and  on  the  chemical  and  physical  proper- 
ties of  the  material. 

The  formation  of  scale  should  be  prevented  as  far  as  possible 
by  purifying  the  water  before  feeding  it  to  the  boiler;  but  even  ' 
then  there  will  be  some  deposit  formed  which  must  be  removed 
from  time  to  time.  Boilers  are  therefore  always  so  arranged 
that  they  can  be  readily  cleaned  internally,  and  so  that  the 
deposit  shall,  as  far  as  possible,  occur  at  points  where  the  heat  is 
the  least  intense  and  where  the  blow-off  pipe  can  be  connected 
(as  in  Fig.  350)  so  that  the  softer  material  can  be  removed  by 
blowing  off  some  of  the  water  from  time  to  time.  The  exterior 
of  the  heating  surfaces  should  also  be  accessible  for  removing 
the  soot  and  dust. 

262.  Boiler  Explosions.  It  has  been  seen  that,  by  expanding 
steam,  heat-energy  can  be  made  available  which  can  be  utilized 
in  fordng  water  and  steam  through  the  orifice  of  a  nozzle  at  very 
high  velocity.  As  a  result  of  such  discharge  there  is,  of  course, 
a  force  of  reaction  which  will  move  the  nozzle  and  attached 
parts  unless  prevented  in  some  manner.  The  size  of  this  force 
depends,  among  other  things,  directly  on  the  area  of  the  orifice. 

A  similar  process  occurs  when  a  boiler  shell  is  ruptured,  for, 
in  passing  through  the  rent  in  the  boiler  shell,  the  steam  and 
boiling  water  are  subject  to  a  decrease  from  the  original  pressure 
to  atmospheric,  and  surrender  heat  which  is  converted  into  the 
kinetic  energy  of  the  issuing  mass.  The  reactive  force  acting 
on  the  boiler  shell  is  dependent  in  amount  on  the  area  of  the  rent, 
and  may  be  sufficiently  great,  compared  to  the  weight  of  the 
boiler,  to  propel  the  vessel  to  a  considerable  distance.  In  addi- 
tion to  the  probable  destruction  of  property  and  possible  en- 
dangerment  of  lives  which  may  result,  the  escaping  steam  and 
water  may  itself  cause  considerable  damage,  —  in  fact  persons 
near  by  may  be  seriously,  and  perhaps  fatally,  scalded,  even 
though  the  reaction  is  not  sufficient  to  displace  the  boiler. 

With  boilers  containing  little  water  and  having  elements 
which  are  of  small  size  and  so  designed  as  to  have  small  rents 
when  ruptured,  the  effect  of  an  explosion  is  less  disastrous  than 


the  case  where  a  large  opening  can  occur  and  thus  instan- 
taneously release  a  large  mass  of  water  and  steam. 

263.  Selection  of  Boilers,  (a)  There  are  a  great  many  items 
to  be  considered  in  the  selection  of  a  boiler  for  a  given  service; 
only  some  of  the  more  important  ones  can  be  discussed  here. 
Between  the  various  kinds  of  boilers  which  have  become  well 

jsiablished  there  is  litlle  choice  as  regards  the  efficiency,  as  their 
performances  are  substantially  equal,  hence  the  selection  among 

luch  standardized  types  depends  largely  on  general  suitability 
for  the  conditions  of  operation  and  space  available,  on  personal 

wejudice  and  familiarity,  on  convenience  in  transportation  and 
fease  of  erection,  and  on  the  first  cost  together  with  the  various 
Other  items  of  expense. 

In  considering  an  unfamiliar  or  untried  design  the  following 
^re  some  of  the  items  to  be  checked : 

(b)  Suitability.  It  should  be  decided  whether  or  not  the 
toiler  is  suitable  for  the  coal  that  is  available,  and  for  the  kind 

of  grates  (or  stoker)  and  furnace  best  adapted  to  that  fuel.  In 
special  cases  where  the  water  is  bad  and  the  draft  poor  these 
items  must  also  be  considered.  It  is  not  only  important  that 
the  boiler  should  have  sufficient  size  to  meet  the  normal  demands, 
but  it  should  have  overload  capacity  sufficient  for  all  emergencies. 

(c)  Safety  and  Durability.  These  depend  on  the  design  for 
Structural  strength,  on  the  character  of  the  materials  used 
(castings  under  pressure  being  avoided)  and  on  the  character  of 
the  workmanship.  The  arrangement  should  be  such  as  to  avoid 
stresses  due  to  the  unequal  expansion  and  contraction  of  the 
different  parts  of  the  boiler;  and  the  method  of  support  should 

ie  such  that  the  structure,  as  a  whole,  is  free  to  adjust  itself  with 
bhange  of  temperature.  There  should  be  no  thick  plates  or 
bther  parts  (such  as  boiler  joints)  and  no  projecting  portions, 
r  plate  edges,  exposed  to  the  current  of  the  hotter  gases;  nor 
Bbould  the  blow-off  pipe  be  exposed  to  these  gases. 

(d)  Accessibility.  The  ability  to  easily  reach  all  parts  of  the 
boiler  for  inspection,  cleaning  and  making  repairs,  must  be  in- 
vestigated.    Doors  in  the  boiler  setting  must  be  provided  for 

i  to  all  exterior  parts;    manholes,  or  handholes,  must  be 
o  located  as  to  render  accessible  all  internal  parts. 
In   connection    with    internal    cleaning   cognizance    must    not 
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only  be  taken  of  the  number  of  manhole  and  handhole  joints 
to  be  broken  and  subsequently  made  tight,  but  also  of  the  time 
required  for  doing  this,  for  cooling  the  boiler  and  its  setting 
sufficiently  to  permit  of  starting  such  work,  and  for  bringing 
the  boiler  into  commission  again.  In  some  water  tube  boilers 
the  dust  and  soot  can  be  blown  from  the  tubes  by  means  of  a 
blast  of  steam  or  air  issuing  from  a  small  pipe  which  is  passed 
through  openings  in  the  front  and  rear  of  the  boiler  or  its 
setting.  Other  boilers  are  provided  with  openings  in  the  side 
walls  for  this  purpose. 

The  design  of  the  boiler  should  be  such  as  to  permit  of  making 
repairs  without  difficulty.  In  most  types  of  boilers  the  principal 
difficulty  is  with  the  tubes.  The  arrangement  should  be  such 
as  to  permit  readily  of  the  removal  and  replacement  of  any  one 
of  the  tubes  without  disturbing  the  other  tubes  or  other  parts. 
If  the  tubes  are  straight  but  few  need  be  carried  in  stock,  whereas 
if  they  differ  widely  in  curvature  it  may  be  necessary  to  have  on 
hand  a  large  collection  to  meet  any  emergency  that  may  arise. 

(e)  Circulation  of  Water,  It  is  necessary  to  see  that  the 
arrangement  is  such  as  to  allow  a  free  and  unrestricted  circulation 
of  the  water  and  that  the  heat  is  applied  at  such  a  point  as  to 
establish  and  maintain  the  current.  The  rapidity  of  circulation 
is  of  course  limited  by  the  smallest  cross-section  of  the  circuit. 
The  arrangement  of  the  structure  should  be  such  that  there  are  no 
pockets  where  steam  can  form  rapidly  and  keep  the  water  away 
from  the  heating  surfaces  subject  to  high  temperature,  for  under 
such  conditions  the  boiler  shell  will  bum  away  at  such  points. 

(f)  Circulation  of  the  Furnace  Gases.  It  is  desirable  to  main- 
tain a  uniform  velocity  of  the  furnace  gases  and  to  avoid  sudden 
contraction  and  expansion  as  they  proceed  through  the  boiler. 
Within  limits,  the  greater  the  velocity  the  more  rapidly  will  the 
heat  be  conveyed  to  the  heating  surface  and  the  greater  will  be 
the  amount  of  evaporation  from  a  given  surface.  There  should 
be  no  pockets  where  the  gas  can  remain  stagnant  and  it  is  de- 
sirable to  have  the  gas  baffled  in  such  a  way  as  to  constantly 
bring  the  fresher  portions  into  contact  with  the  heating  surface 
as  the  gas  proceeds. 

(g)  Dryness  of  Steam .  To  prevent  priming,  or  the  entrainment 
of  a  considerable  portion  of  moisture  in  the  steam,  the  liberating 
surface  of  the  water  from  which  steam  arises  should  be  ample. 


^Vhen  the  «-ater  coctatas  certain  impurities  roaming  may  occur, 
and  this  always  increases  the  amount  of  entrained  moisture.  By 
providing  a  targe  steam  space  the  life  of  the  particles  of  steam  within 
the  Ijoilcr  ma>-  be  made  sufficiently  long  to  allow  a  more  or  less 
xjmpiete  precipitation  of  the  moisture  to  occur.  Provision  isoften 
made  within  the  boiler  for  the  separation  of  moisture  by  means  of 
"  dry  pipes,"  baffles,  or  other  steam  separating  devices, 

(h)  Quantity  of  Water.  l{  the  boiler  contains  a  large  volume  of 
water  there  is  less  attention  required  in  maintaining  the  water 
level,  and  the  boiler  has  a  greater  reserve  to  meet  sudden  demands 
than  is  the  case  in  boilers  having  a  small  \'olume;  but  greater 
damage  would  ordinarily  result  in  case  of  explosion.  In  marine 
and  similar  service  the  greater  weight  invohed  is  of  course 
objectionable. 

(i)  Feed  Water.  The  boiler  feed  should  be  introduced  in  such 
manner  as  not  to  retard  the  circulation  of  the  water,  and,  if  cold, 
ihould  not  come  in  contact  with  the  boiler  sJiell.  Certain  of 
he  impurities  in  solution  in  the  entering  water  precipitate  when 
flie  higher  temperatures  are  reached  and  are  deposited  as  mud. 
The  water  should  be  introduced  at  such  a  point  that  this  precipi- 
tate will  be  deposited  where  it  will  do  no  damage  and  from  which 
il  can  I>e  readily  removed,  see  Fig.  350  (a)  and  (6).  Sometimes 
"  mud  drum  "  is  provided  as  in  the  latter  figure,  or  a  "  settling 
chamber,"  as  in  Figs.  362  and  363,  from  which  the  mud  may  be 
blown  off  from  time  to  time. 

(j)  Space  Occupied.     In  addition  to  the  floor  space  and  height 

xrupied  by  the  boiler  and  furnace,  there  must  be  charged  against 

Jie  apparatus  the  amount  of  space  that  must  be  provided  for 

Ihc  repUicemenl  oj  tubes  and  for  cleaning.      In  some  horizontal 

mlers  there  must  be  space  in  front  for  rear)  at  least  equal  to  the 

tcngth  of   ihe   tubes    (see  Fig.  361).     This  fixes  the    minimum 

istance  between  parallel  rows  of  boilers  or  between  the  I)oiler 

I  and  the  wall  of  the  building.     In  some  types  of  vertical 

cmIcts   sufficient   room   must   be   provided    overhead    for   the 

placement  of  tubes. 

When  the  exterior  of  the  heating  surface  is  accessible  for 
ieaning  jrom  the  front  or  rear  of  the  setting,  the  boilers  may  be 
irranged  in  a  continuous  "  battery "  (with  adjacent  walls  in 
ponimon),  in  which  case  the  walls  between  boilers  are  thickened 
lightly.     When  the  cleaning  is  done  from  Ihe  side,  the  boilers 
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are  arranged  in  a  series  of  batteries  of  two  each,  with  sufficient 
space  between  the  pairs  to  permit  of  access  to  the  openings  in  one 
side  of  each  boiler  setting. 

(k)  Cost,  This,  of  course,  is  one  of  the  items  of  fundamental 
importance.  Besides  the  first  cost  of  the  boiler,  with  its  setting 
and  trimmings,  and  the  expense  of  transportation  and  erection, 
it  is  necessary  to  consider  charges  for  up-keep  and  depreciation. 
The  size  of  the  boiler  and  furnace  and  the  space  necessary  for  the 
removal  of  tubes  and  for  cleaning  must  also  be  considered  in  con- 
nection with  their  influence  on  the  cost  of  the  ground  and  building. 

264.  Classification  of  Boilers.  Boilers  may  be  classified  in 
many  different  ways,  only  a  few  of  which  need  be  given  here. 

(a)  In  Internally  fired  boilers  the  furnace  is  located  within  the 
structure  of  the  boiler  and  is  usually  made  integral  with  it,  while  in 
externally  fired  boilers  the  furnace  is  placed  below  the  boiler  proper 
and  is  surrounded  by  a  **  setting  **  which  is  generally  of  brickwork. 

(b)  In  fire  tube  boilers  (commonly  called  *'  Tubular  Boilers  ") 
the  furnace  gases  pass  through  the  tubes  which  are  surrounded 
by  the  water  from  which  the  steam  is  generated;  whereas  in 
water  tube  boilers  (sometimes  called  *'  Tubulous  Boilers  ")  the 
water  circulates  through  the  tubes  while  the  hot  gases  pass  over 
their  exteriors.  Fire  tube  boilers  are  shown  in  Figs.  352  to  359; 
and  water  tube  boilers  are  illustrated  in  Figs.  360  to  366.  These 
will  be  discussed  later. 

(c)  Sectional  boilers  are  composed  of  small  elements  so  ar- 
ranged that  any  rupture  which  may  occur  will  produce  only  a 
relatively  small  opening  and  will  result  in  but  little  damage  to 
the  boiler  itself  and  to  its  surroundings.  Such  boilers  may  be 
shipped  in  small  parts  which  are  assembled  when  being  installed. 
Examples  of  this  type  of  boilers  are  shown  in  Figs.  360  and  365. 

(d)  In  vertical  boilers  the  tubes  are  arranged  perpendicularly, 
or  approximately  so.  In  general,  such  boilers  demand  less  floor 
space  than  horizontal  ones  but  their  height  is  greater. 

(e)  In  straight  tube  boilers  it  is  comparatively  easy  to  clean 
and  inspect  the  tubes.  The  use  of  curved  tubes  is  inherent  in 
the  design  of  some  boilers  and  they  give  a  certain  degree  of 
flexibility  to  the  structure.     (See  Fig.  363.) 

(f)  Boilers  are  also  sometimes  classed  according  to  their  use; 
for  example,  there  are  locomotive  boilers,  marine  boilers,  portable 
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boilers,   stationary   boilers,  etc.     The    descriptions  which   will 
follow,  will  be  limited  in  most  cases  to  the  stationary  types. 

(g)  There  are  innumerable  arrangements  of  boilers  and  their 
settings;  only  a  few  of  the  more  typical  ones  will  be  considered 
in  the  following  sections. 

265.  Internally  Fired,  Tubular  Boilers,  (a)  Such  boilers  are 
generally  compact  and  self  contained;    they  are  shipped  cora- 


Fig.  i$2.  — Tuhulur  BoUer. 
Submerged  Tube  Type. 


Fig-  353-  — Tubular  BoEler. 
Exposed  Tube  Type. 


pletc,  and  immediately  upon  arrival  are  ready  to  connect  to  the 
flues  and  steam  system.  While  they  cost  more  than  ordinary 
boilers,  they  avoid  the  expense  of  special  brickwork  "  setting 
and  eliminate  the  (xissibility  of  leakage  of  air  through  cracksi 
which  may  develop  in  such  brickwork.  Sometimes  there 
difficulty  in  transporting  the  larger  sizes. 

(b)  Fig.  352  shows  a  small  vertical  boiler  of  this  kind  with 
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water  level  above  the  tubes.  Such  boilers  are  of  the  submergti 
tube  type.  In  Fig.  353  is  a  somewhat  similar  boiler  in  which  the 
tubes  extend  above  the  water  level  —  the  exposed  portions  pre- 
senting surface  to  the  steam.  Boilers  of  this  kind  are  called  ex- 
posed tube  boilers.     The  one  shown  in  this  figure  is  of  such  large 


fig,  354.  — Locomotive  Type  of  Boiler. 

size  that  the  space  at  a  can  be  occupied  by  a  man  while  cleaning 
the  tubes,  the  crown  sheet  and  the  plates  around  the  furnace. 

(c)  Fig.  354  shows  a  Locomotive  type  of  boiler  with  a  steam 
dome  which  provides  additional  steam  space.     Such  boilers  are 
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fig-  J5S-  —  Continental  Type  of  Btnler. 

not  only  used  for  locomotives  and  for  traction  engines,  but  also 
for  stationary  service. 

Id)  In  Fig.  355  is  a  longitudinal  section  of  a  boiler  of  the 
Continental  type,  the  exterior  of  which  resembles  Fig.  356, 
The  furnace  wall  is  a  cylindric.nl  Hue  with  strengthening  cor- 
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"Ugations.     The  combustion  ciiamber  is  lined  with  fire  brick  or 

Knther  refractory  material  and  is  located  in  a  casing  of  thin  metal 

Vcxtending  from  the  main  shell  of  the  boiler.     These  boilers  have 

large   liberating    surface,    voluminous   steam    space   and   large 

^volume  of  water.     They  usually  have  either  one  or  two  furnace 

,  and  because  they  are,compact  and  have  short  tubes,  they 

an  be  used  in  places  where  the  space  is  limited. 

(e)   The  ScoUk  Marine  type  of  boiler  is  shown  in  Fig,  356  and 
B  similar  to  tlie  Continental  except  that  its  combustion  chamber 


Fig.  jjfi.  — Scotch  Marine  Type  af  Boiler. 


'  F'B-  357)  b*s  metal  walls  and  is  entirely  surrounded  by 
prater.  As  these  walls  tend  to  collapse  under  the  external 
H-essure  to  which  they  are  subjected,  they  arc  carefully  stayed. 
Such  boilers  have  from  one  to  four  corrugated  furnace  flues,  and 
[heir  outer  shells  range  from  5I  feet  lo  16  feet  in  diameter.  Be- 
e  of  the  very  short  tubes,  large  steaming  capacity  for  space 
x:upied,  absence  of  brick  setting,  and  accesability,  they  are 
BrticuIaHy  adapted  to  marine  service. 


366.   ExtemaSy  Fired  Tubular  Boilers,     (a)  Boilers  of  this 
5'pe    generally    re«|U!re    a    separately    ronstruclcd    "  setting 
Jly  lA  brickwork  with  lining  of  firebrick)  to  "Urround 


this    ^H 
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furnace  and  boiler.  This  is  so  arranged  as  to  properly  confine 
the  flue  gases  and  guide  them  to  and  from  the  boiler.  It  takes 
considerable  time  to  construct  and  dry  out  the  brickwork  setting 


Fig.  357.  — Submerged  Combustion  Ctutmber. 


and  the  expense  involved  must  be  added  to  the  cost  of  the  boiler 
itself.  Snch  boilers  usually  occupy  more  space  than  internally 
fired  boilers  and  the  setting  should  be  kept  in  repair  so  as  to 


Fig  3S8  — Horisontal  Return  Tubular  Boiler  with  "  lUlf  Front." 

avoid  air  leakages,  which  have  a  detrimental  effect  on  the  draft 
and  boiler  performance. 

(b)  An  externally  fired  boiler  classified  as  of  Horizontal  Return 
Tubular  type  ("  H.R.T.  boiler  ")  is  shown  in  Fig.  358.      In  this 
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ailer  the  smoke  box  is  fornied  in  an  extension  of  the  boiler 
I«hell  which  projects  beyond  the  brick  front  wall.  The  cast  iron 
"  boiler  front  "  covers  only  the  portion  of  this  wall  located 
I  below  thf  smoke  box,  and  is  therefore  commonly  called  a  "  kalf- 
\Jfont."  The  boiler  shown  in  this  figure  is  suspended  from  cross 
I  beams  or  "  Gallows  frames." 

(c)  In  Fig.  359  is  shown  a  H.R.T.  boiler  with  "  Jull  flush 
B/rew(,"  the  smoke  chamber  being  formed  in  the  brickwork  of 
\  the  front  wall.     The  boiler  is  shown  to  be  supported  by  brackets, 


Fig.  jsg.  — Horizontal  Return  Tubular  Boili 


Ithc  rear  pair  of  which  is  mounted  on  rollers  to  allow  free  ex- 
Vpansion.     The  brick  setting  is  braced  by  "  buck  staves." 

lOst  of  the  scale  is  deposited  at  the  rear  of  the  boiler,  as 

Bin  Fig.  350  (fl).  the  blow  off  is  located  at  this  point.     The  back 

md  of  the  boiler  is  lowered  slightly  to  aid  in  draining  the  shell. 

As  the  boiler  shell  is  exposed  to  the  direct  heat  of  the  furnace, 

Vfhe  thickness  of  metal  must  not  be  so  great  as  to  make  it  liable 

>  burn  thinner,  and  as  the  shell  thickness  must  increase  with 

the  diameter  of  the  boiler,  these  boilers  cannot  be  constructed 

yond  a  certain  size.     They  are  not  ordinarily  built  larger  than 

5  Ix>iler  horse  power  and  are  seldom  used  with  pressures  above 

050  pounds.     The  H.R.T.  boilers  are  about  the  cheapest  made, 

lience  are  quite  widely  used  for  low  pressures. 
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267.  Water  Tube  Boilers,  (a)  Figs.  360  and  361  illustrate 
sectional  water  tube  boilers  known  as  the  Babcock  and  Wilcox 
type  (or  "  B.  and  W."  type).  The  tubes  are  expanded  into 
pressed  steel  front  and  rear  "  headers  "  to  form  tube  "  sections," 
The  sections,  the  drums,  connecting  nipples  and  other  parts  are 
shipped  "  knocked  down,"  and  are  assembled  at  the  power  house. 
The  parts  to  be  transported  and  handled  are  therefore  relatively 
small.  Being  of  the  sectional  type  with  small  elements,  the 
danger  of  disastrous  explosions  is  slight,  as  ruptures  seldom  occur 


Fijt.  360.  — B.  aod  W.  T>-pe  of  Boiler. 

elsCTt-here  than  in  the  tubes.  Opposite  each  tube  is  a  hand-hole 
cover  which  can  be  removed  for  cleaning  and  replacing  tubes. 
Doors  for  external  cleaning  are  pro^-ided  in  the  side  walls,  hence 
these  boilers  cannot  be  arranged  in  continuous  batteries,  btit 
they  may  be  grouped  in  batteries  of  two  each.  The  boiler  has 
elements  similar  to  i.^^*  in  Fig.  550.  with  mud  drum  located  at  the 
bottom  of  the  rear  header?.  It  is  hung  from  abo\-e.  hence  is 
free  to  expand  or  ctmtraci. 
As  shonii  in  the  ligure  the  furnace  has  an  exposed  loof  and  tbc 
are  baffled  so  as  to  make  three  "  passes  "  across  the  tubes. 


dier  arrangements  of  baffles  and  furnace  can  of  course  be  used. 
Tie  tubes  are  not  arranged  in  vertical  rows,  but  are  "  staggered," 


Fig.  361.  — B.  imd  W 

shown  by  the  header  at  (a)  in  Fi^.  360,  so  as  to  furlher  baffle 
he  gases. 

(b)  In  Fig.  362  is  shown  the  Heine  type  of  water  tube  boiler 
laving  the  front  and  rear  "  water  legs  "  made  of  steel  plates  and 


Type  of  Boiler. 


veted  to  the  drum.  The  front  and  back  plates  of  each  water 
g  are  held  together  by  hollow  stay  bolts  having  holes  large 
nough  to  permit  the  insertion  of  a  steam  or  air  pipe  for  blow- 
tg  the  soot  and  dust  from  the  exterior  of  the  tubes;  and  opposite 
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each  tube  in  each  water  leg  is  a  hand  hole  giving  access  to  tk 
interior  of  tubes. 

The  feed  water  enters  a  "  mud  drum,"  where  it  remains 
quiescent  for  a  considerable  time  before  it  mixes  with  the  water 
which  is  circulating  through  the  tubes.  As  this  feed  water  be- 
comes heated  certain  of  the  impurities  are  precipitated  in  the 
mud  drum,  from  which  they  can  be  blown  off  at  intervals. 

The  water  legs  of  the  boiler  shown  in  the  figure  rest  on  the 
brickwork  and  have  rollers  under  the  rear  one.  The  boiler  may,  of 
course,  be  supported 
in  other  ways.  This 
boiler  is  shipped  com- 
pletely assembled, 
ready  to  have  the  set- 
tmg  constructed  im- 
mediately upon  its 
arrival.  As  no  clean- 
ing doors  are  located 
in  the  side  walls,  such 
boilers  can  be  arranged 
in  continuous  batter- 


As  shown,  the  fur- 
nace has  a  tile  roof 
supported  by  the  lower 
row  of  tubes  and  the 
furnace  gases  are  baf- 
fled so  as  to  passalong 
often  used  with  bafHes 


^'S  363  — Stirling  Type  of  Boiler 


the  tubes.     The  same  type  of  boiler  i 
arranged  similar  to  those  in  Fig.  361. 

(c)  Fig.  363  shows  the  Stirling  type  of  water  tube  boiler  which 
may  be  classed  as  a  vertical  one.  It  is  composed  of  drums  and 
tubes  which  are  not  assembled  until  they  reach  their  destination. 
Since  the  elements  are  simple  and  easy  to  make,  the  cost  of  such 
boilers  is  less  than  that  of  those  having  more  complicated  parts. 
The  feed  water  enters  a  precipitation  pocket  in  drum  D  and  is 
heated  as  it  descends  to  tirum  C.  The  circulation  of  water  is 
'Ugh  tubes  joining  drums  A ,  B  and  C.     All  the  upper  drums 

onnected  by  steam  pipes. 

le  rows  of  tubes  running  circumferentially  around  the  drums 
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im  pairs,  between  which  is  sufficient  spjace  for  the 
einoval  or  insertion  of  lubes  located  in  the  interior  of  the  nests. 
fhe  tubes  are  curved  and  the  mud  drum  is  suspended  by  the 
ubes  —  an  arrangement  which  gives  flexibiUty  and  permits  of 
f  expansion  and  contraction  accompanjing  temperature  changes. 
JAII  drums  have  man  holes  which  give  access  to  their  interiors 
aid  to  the  tubes  The  side  walls  of  the  setting  are  provided 
nth  cleaning  doors  exposing  the  exteriors  of  the  tubes,  hence 


Fig.  364.— Wickes  Type  of  Boder 

liese  boilers  cannot  be  arranged  in  continuous  batteries  — 
pey  may,  however,  be  arranged  in  pairs.  The  arrangement 
irovides  for  large  combustion  space  and  for  an  ample  coking 
r  Dutch  oven  roof. 

(d)  Tliere  are  many  other  arrangements  of  boilers  comjwsed 
■  simple  horizontal  drums  and  vertical  tubes.     In  some  the 

rtical  lubes  enter  a  single  upper  drum  and  a  single  lower  one, 
Ind  the  gases  are  baffled  so  as  to  make  two  or  three  passes. 
I  In  other  Imilers  there  are  two  drums  above,  with  steam  and 
later  connections  between,  and  two  lower  drums,  with  water 
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connections,  and  between  these  pairs  are  vertical  tubes.  The 
furnace  gases  pass  up  along  the  tubes  joining  the  front  drums 
and  down  along  the  rear  tubes,  to  a  flue  connection  near  the  bot- 
tom of  the  setting.  There  are  stiil  other  arrangements,  but  those 
given  will  suffice  to  show  the  possibilities  of  this  construction. 

(e)  Fig.  364  shows  the  Wickes  type  of  vertical  water  tube 
boiler  having  single  upper  and  lower  drums  with  vertical  axes. 
The  tubes  are  removed  and  inserted  through  hand  holes  located 
in  the  dome  of  the  steam  space;  hence,  it  is  necessary  to  provide 
overhead  room,  or  sky-lights,  immediately  over  the  boilers. 


Fig,  365.  —  Parker  Type  of  Boiler. 


(f)  In  Fig.  365  is  shown  the  Parker  type  of  boiler,  which  differs 
radically  in  several  respects  from  the  ordinary  types,  since  it 
makes  use  of  the  counter-flow  principle  (Sect,  261  (t))  and  de- 
livers the  steam  and  water  at  points  above  the  water  level 
(Sect.  261  {/)).  Under  the  best  conditions  of  operation,  the 
feed  water  enters  the  system  at  A  (check  valve  E  being  closed), 
passes  downward  through  the  zig-zag  tubes  in  a  general  direction 
opposite  to  that*of  the  ascending  flue  gases  (just  as  in  Fig,  349) 
and  is  finally  delivered  at  B  into  the  drum,  with  a  temperature 
high  enough  to  cause  the  precipitation  of  most  of  the  impurities. 
The  water  from  the  drum  enters  another  set  of  zig-zag  pipes  at 
C,  constituting  the  vaporizing  element,  is  further  heated  «s  it 
descends  and  is  finally  discharged  as  steam  into  the  drum  at  If- 
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Wtng  to  the  countercurrent  How  it  is  possible,  by  providing 
lufBcient  heating  surface,  to  cooi  the  flue  gases  below  the  temper- 
^ure  of  the  steam.  Hence,  sometimes  a  third  nest  of  tubes  is 
Klded,  in  which  case  the  upper  is  called  an  "  economizer  element." 
Should  the  feed  valve  be  shut  off  the  circulation  will  still  con- 
inue,  for  water  will  then  pass  through  check  valve  E  into  the 
Ipper  element  of  tubes,  but  the  operation  will  be  somewhat  less 
iffident  than  before. 

The  "  junction  boxes  "  joining  the  ends  of  the  tubes  have 
band  holes  and  some  have  non-return  valves  which  ensure  the 
circutation  of  the  water  in  the  proper  direction.  Besides  the 
BCale  pocket  F  there  is  a  blow  off  {not  shown)  located  under  the 
lliaphragm  in  the  bottom  of  the  drum. 

(g)  In  boilers  of  the  porcupine  type,  the  tubes,  with  closed 
>uter  ends,  project  from  a  water  drum,  or  header,  into  the  path 
the  flue  gases.  Fig.  366  shows  an  arrangement  having  a 
double  header  and  concentric  tubes.  With  such  arrangement  the 
»ld  water  descends  through  the  left  water  leg,  passes  through 
Jie  inner  tube  to  the  end,  then  returns  through  the  annular 
[lassage  between  the  two  tubes  and  ascends  in  the  riser  to  the 
tteam  drum  above.  But  little  use  isinadc  of  this  arrangement, 
lK>wever,  because  of  the  expense   of  construction. 


gpi '  1  j^' 
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Fig.  366.  —  Xiclausse  Tubes. 

(h)  F'K'  367  shows  a  double-furnace  boiler  arranged  to  be  fired 
[>m  both  front  and  "  rear  " ;  thus  it  has  about  double  the  grate 
ea  and  generates  steam  nearly  twice  as  rapidly  as  in  the  ordi- 
iry  case.  However,  as  the  rate  of  evaporation  is  high  the 
Bciency  is  slightly  less  than  is  obtained  under  less  intensive 
mditions.  Such  arrangements  are  frequently  adopted  when 
ir  space  is  limited  or  when  the  cost  of  real  estate  is  great,  as 
I  the  case  in  power  plants  located  in  congested  districts  of  large 
ities.  The  same  scheme  can,  of  course,  be  used  with  boilers  of 
Iher  types  than  that  shown. 
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268.  Boiler  Accessories.  In  addition  lo  the  filti 
described,  boilers  are  always  fitted  with  steam  gauges,  gias« 
water  gauges,  try  cocks,  safety  valves,  feed  valves,  blow-ofi 
valves  and  steam  stop  valves.  In  addition  they  frequently  have 
"  water  columns  "  with  floats  to  operate  sentinel  whistles  when 


fig-  Jfi?'  ~"  Douhlc-dimnff  Boilct. 

the  water  level  becomes  too  high  or  too  low,  and  ihcy  may  | 
"  fusible  plugs  "  which,  when  the  water  level  becomes  dai 
ously  low,  become  uncovered  and  melt,  and  thus  allow  Etc 
escape  and  attract  attenticm  before  the  plates  become  1 
heated.  Automatic  feed-water  regulaii^rs  are  rainetimes  I 
and  in  plants  where  the  load  fluctuates  rapidly  damper  jvA 
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■tors,  controlled  by  die  steam  pressure,  are  also  provided  to 
automatically  adjust  the  draft.  When  water  tube  boiiers  are 
Used,  the  boiler  room  equipment  generally  includes  mechanical 
tube  cleaners,  of  which  there  are  many  varieties, 

269.  Boiler  Peifomtaace.  (a)  In  stating  the  evaporative 
performance  of  boilers  and  similar  apparatus,  it  is  customary  to 
use  the  latent  heat  of  vaporization  of  one  pound  of  steam  at 
atmospheric  pressure  as  the  "  Unit  of  Evaporalwn  "  (U.E.). 
The  N'alue  of  this  unit  is.  therefore,  970.4  B.t.u,  {old  value  965.7) ; 
and,  as  this  is  the  heat  absorbed  by  one  pound  of  steam  in  being 
converted  from  water  with  temperature  of  212°  F.,  to  steam  at 
the  same  temperature,  the  performance  may  also  be  stated  in 
terms  of  the  "  Equivalent  Evapor.ation  "  or  "  number  of  pounds 
of  water /rom  and  at  212"  F."  that  would  lie  evaporated  by  the 
same  amount  of  heat.  Evidently  there  would  always  be  the 
same  number  of  pounds  of  Equivalent  Evaporation  as  there  are 
Units  of  Evaporation. 

When  boilers  are  tested,  the  temperature  of  the  feed  water,  the 
iciual  weight  of  steam  generated  per  hour,  and  the  quality  (or 
superheat)  arc  all  determined.  With  these  quantities  known,  the 
equivalent  evaporation  from  and  at  212*  F.  can  be  determined  by 
dividing  the  heat  given  to  water  and  steam  by  970.4  (965,7). 

(b)  This  same  unit  can  also  be  used  for  expressing  the  value 
of  fuels  when  used  for  generating  steam;  thus,  the  Theoretical 
Equivalent  Evaporation  (T.U.E.)  per  pound  of  fuel  is  found  by 
dividing  the  calorific  value  per  pound  by  970.4. 

Based  on  the  usual  calorific  values,  the  T.U.E.'s  [jer  pound  of 
combustible,  are  about  as  follows  for  the  different  kinds  of  fuel :  — 
Carbon,  15  pounds;  good  anthracite,  15.4  pounds;  semi-bitumi- 
Itous,  16,3  pounds;  bituminous,  14  to  15.8  pounds;  and  oils, 
18. s  to  22  pounds, 

Obviously  the  Theoretical  Equivalent  Evaporation  per  pound 
ti  fuel  can  be  obtained  by  multiplying  the  foregoing  figures  by 
the  percentage  of  combustible  present. 

(c)  The  steam  generating  apparatu.'!  as  a  whole  delivers  with 
[he  steam  only  a  portion  of  the  calorific  value  of  the  fuel,  the 
Oercentage  depending  on  the  overall  efficiency  of  the  apparatus, 
rhese  efficiencies  were  given  in  Sect.  260  (ft)  and  (t)-  With 
jood  coal  the  Acltial  Equivalent  Evaporation  should  be  at  least 
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9  pounds  per  pound  of  combustible,  and  in  the  best  instances 
12J  pounds  have  been  reached.  With  oil  this  evaporation  is 
from  14.4  to  16.9  per  pound  of  fuel. 

When  the  rate  of  evaporation  is  under  consideration,  the  unit 
of  time  generally  adopted  is  the  hour — hence  the  terms  "Equiv- 
alent Evaporation  per  hour  *'  and  **  Units  of  Evaporation  per 
hour  "  are  in  common  use.  If  no  unit  of  time  is  specified  the 
hour  is  implied. 

(d)  In  boiler  computations  it  is  sometimes  convenient  to  make 
use  of  a  quantity  called  the  '*  Factor  of  Evaporation  "  (F.E.). 
This  quantity  is  the  ratio  of  the  heat  absorbed  per  pound  of 
steam  generated  to  970.4  (or  965.7  as  the  case  may  be).     Hence 

T7  r  T-  .•  (q  +  xr  +  CpD)*  -  (/  -  32)  ,    ^, 

Factor  of  Evaporation  =  ^^-^ ' — /    \ — ^ ^-^.     .     (406) 

^  '  970  (or  965.7)  ^ 

in  which  g,  jc,  r,  D  and  Cp  are  respectively  the  sensible  heat, 
quality,  latent  heat,  degrees  of  superheat  and  specific  heat 
of  the  steam  leaving  the  boiler,  and  /  is  the  temperature  of  the 
feed  water.  Evidently  the  Factor  of  Evaporation  is  the  ratio 
of  the  equivalent  evaporation  to  the  actual  weight,  and  as  this 
ratio  is  frequently  used  its  values  are  generally  tabulated  in 
reference  books  for  different  pressures  of  dry  saturated  steam 
with  various  temperatures  of  feed  water. 

(e)  The  rated  size  and  the  maximum  capacity  of  boilers  are 
usually  stated  in  terms  of  a  unit  miscalled  a  **  Boiler  Horse 
Power  "  (B.P.).  It  has  been  suggested  that  this  be  changed 
to  "  Boiler  Power,''  as  the  term  "  horse  power  *'  is  inapplicable 
to  boilers.  The  Boiler  Horse  Power  is  defined  as  the  equivalent 
of  34.5  pounds  of  steam  evaporated  "from  and  at*'  212° F. 
per  hour;  (i.e.,  34^  U.E.  per  hr.).  It  is,  therefore,  merely  a 
measure  of  the  heat  given  to  the  water  and  steam  and  is  equiva- 
lent to  the  transfer  of  33,479  B.t.u.  per  hour  (with  U.E.  =  970.4 

B.t.u.). 
The  "  horse  power  '*  of  a  boiler  which  is  evaporating  a  given 

weight  of  steam  per  hour  at  a  certain  pressure,  with  a  certain 
quality,  and  from  feed  water  at  a  certain  temperature,  can  there- 
fore be  found  in  two  ways:  —  First,  by  dividing  the  equivalent 
evaporation  by  34^;   second,  by  dividing  the  total  heat  supplied 

*  The  expression  in  this  parenthesis  is  written  so  as  to  apply  to  both  super- 
heated and  saturated  steam,  as  was  first  done  on  page  173. 
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I  the  water  and  steam  per  hour  by  the  number  33.479  given 
I  above. 

(f)   In  this  connection,  however,  it  is  important  to  note  that 

[  there  is  no  definite  relation  between  engine  horse  power  and  the 

Iso-called  boiler  horse  power;   the  ratio  of  the  engine  h.p.  to  the 

"  boiler  h.p."  in  any  plant  depends  entirely  upon  the  economic 

erfcrmance  of  the  engine,  hence  it  is  not  necessarily  the  same  in 

ifferent  plants, 

270.  Proportioning  the  Boiler  for  Power  Output,     (a)  The 
merican  Society  of  Mechanical  Engineers  has  made  the  follow- 
ing recommendation  regarding  boiler  ratings.     "  A  boiler  rated 
"at  any  stated  capacity  should  develop  that  capacity  when  using 
the  best  coal  ordinarily  sold  in  the  market  where  the  boiler  is 
located,  when  fired  by  an  ordinary  fireman,  without  forcing  the 
,  while  exhibiting  good  economy.     And  further,  the  boiler 
Ihould  develop  at  least  one-third  more  than  the  stated  capacity 
I  using  the  same  fuel  and  operated  by  the  same  fireman, 
iie  full  draft  being  employed  and  the  fires  being  crowded,  the 
|tvailable  draft  at  damper,  unless  otherwise  understood,  being 
less  than  one-half  inch  water  column."*     Boilers  of  the 
commercial  types  generally  have  overload  capacity  considerably 
in  excess  of  the  33^  per  cent  here  specified.     Some  boilers  are 
being  operated  continuously  under  loads  double  those  for  which 
ley  were  originally  intended,  and   triple  outputs  have  been 
btained  in  a  few  instances. 

I  (b)  The  total  amount  of  heating  surface  needed  by  boilers 
be  determined  either  by  multiplying  the  boiler  "  horse 
lower  "  by  the  number  of  square  feet  needed  for  developing 
Hie  horse  power,  or  by  dividing  the  total  equivalent  evaporation 
r  hour  by  the  allowable  rate  of  evaporation  per  square  fool, 
(c)  Most  stationarj-  boilers  of  the  "  water  tube"  type  have 
»  square  feet  of  heating  surface  per  boiler  horse  power  under 
>rmal  load,  the  corresponding  rate  of  equivalent  evaporation 
r  square  foot  per  hour  being  about  ii  (=  54-5  ^  10):  while 
B  more  common  types  of  stationary  "  fire  tube  "  boilers  usually 
ive  12  or  more  square  feet  per  boiler  horse  power,  the  equivalent 
ivaporation  i>eing  3  pounds  per  square  foot  or  less.  However 
s  both  larger  and  smaller  than  these  are  sometimes  used. 
•  Trans.  A.  &  M.  E.    1899. 
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When  there  are  limitations  as  to  space  or  weight,  less  heating 
surface  and  higher  rates  of  evaporation  are  used.  For  example, 
in  marine  boilers  from  4  to  8  square  feet  of  heating  surface  are 
provided,  the  corresponding  evaporation  being  from  8  to  4 
pounds  per  square  foot  per  hour,  and  in  some  instances  marine 
boilers  of  the  water  tube  type  have  been  operated  continuously 
with  average  rates  as  high  as  16  pounds.* 

(d)  The  fuel  needed  per  boiler  horse  power  hour  can  be 
readily  determined  by  dividing  34^  by  the  equivalent  evapora- 
tion per  pound  —  or  by  dividing  33,47§)  by  the  actual  calorific 
value  per  pound  corrected  for  boiler  and  grate  efficiencies. 
Thus  the  combustible  required  per  boiler  horse  power  ordinarily 
ranges  from  3  to  4  pounds  per  hour,  depending  on  the  kind  of 
coal,  and  the  weight  of  coal  is  roughly  from  3.5  to  5  pounds. 


*  Melville,  Engineering  Magazine,  January,  191 2. 
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371.  Advantages  of  Superheating,  (a)  It  has  already  been 
shown  (Sect.  128  and  i8oj)  tJiat  the  water  rates  of  steam  engines 
and  turbines  may  be  materially  improved  by  the  use  of  super- 
Jieat,  but  that  the  improvement  in  steam  consumption  is  not  a 
irrect  measure  of  the  gain  effected,  since  one  pound  of  super- 
leated  steam  contains  more  heat  than  an  equal  weight  of  satu- 
ted  steam  at  the  same  pressure.  Leaving  out  of  consideration, 
for  the  time  being,  certain  incidental  advantages  of  superheating, 
the  true  measure  of  gain  is  on  the  basis  of  the  heat  economy 
resulting  from  its  use  and.this  is  given  by  the  ratio  of  the  number 
of  heat  units  supplied  to  the  superheated  steam,  per  horse  power 
delivered  by  the  engine  or  other  prime  mover,  to  that  used  when 
saturated  steam  is  the  working  substance. 

(b)  In  addition  to  such  gains  as  may  be  effected  in  the  prime 
movers  themselves  by  the  use  of  superheat,  tliere  may  be  a  two- 
fold reduction  in  the  heat  lost  in  the  connecting  pipe  lines,  be- 
cause (i)  superheated  steam  loses  heat  much  less  rapidly  than 
does  wet  steam  and  because  (2)  the  radiating  surfaces  of  the 
pipes  may  be  made  less  —  for  smaller  pipes  can  be  used,  as  super- 
^beated  steam  may  be  allowed  to  flow  at  higher  velocities  than 
^■■re  permissible  with  saturated  vapor. 

^B  (c)  But  the  ultimate  test  of  the  advisability  of  installing 
^■«dditional  apparatus,  such  as  superheaters,  is  always  on  the 
basis  of  the  financial  economy  effected.  In  the  case  in  question 
the  addition  of  the  superheaters  may  not  increase  the  total 
expense  for  the  power  plant  equipment,  for  the  improvement 
in  heat  economj'  may  permit  a  reduction  in  the  size  and  cost  of 
the  boilers,  and  the  diminution  of  the  water  rates  may  make 
possible  a  decrease  in  the  si/e  and  cost  of  the  condensers  and 
other  auxiliary  apparatus.  Then,  the  operating  expenses  may 
be  reduced  not  only  by  the  saving  in  the  expenditure  for  fuel  but 
Iso  by  the  reduction  in  the  outlay  for  purchasing  and  pumping 
565 
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the  water  used  for  feed  and  for  condensation.  To  oflset  the  gains 
is  the  additional  expense  involved  in  the  operation  and  mainte- 
nance of  the  superheaters.  The  use  of  the  smaller  pipe  lines,  which 
are  permissible  with  superheated  steam,  may  not  effect  a  saving 
in  their  cost,  as  the  materials,  construction  and  fittings  must  be 
of  better  quality  than  is  required  when  saturated  steam  is  used. 

272.  Types  of  Superheaters,  (a)  There  are  two  general 
types  of  superheaters — (i)  separately  fired  superheaters,  and 
(2)  built  in,  or  boiler  draft  superheaters. 

The  first  class  is  installed  in  a  separate  setting  of  its  own  and 
receives  hot  gases  from  its  own  furnace.  The  second  class  is 
located  inside  of  the  boiler  setting  and  in  line  with  one  of  the 
*'  passes  "  of  the  products  of  combustion. 

(b)  In  each  type  the  saturated  steam,  generally  containing 
from  2  to  4  per  cent  of  moisture,  is  led  from  the  steam  nozzle  on 
the  drum  of  the  boiler,  through  the  superheating  apparatus  on 
its  way  to  the  steam  consumer. 

(c)  Superheaters  of  both  types  generally  consist  of  a  multi- 
plicity of  elements  containing  a  small  volume  but  exfx>sing  a 
relatively  great  surface.  There  are,  however,  several  super- 
heaters in  which  a  few  very  large  elements  are  so  constructed 
that,  by  means  of  baffles  or  equivalents,  the  steam  flowing 
through  them  is  divided  up  into  thin  streams  in  contact  with 
extended  wall  areas. 

(d)  Generally  the  metal  used  is  mild  steel,  and  the  elements 
are  composed  of  seamless  tubes  which  are  of  small  diameter 
(i  inch  to  i|  inch  bore)  with  thick  walls  (0.15  to  0.2  inch 
thick)  and  which  are  connected  with  built-up,  forged,  or  cast  steel 
headers  or  their  equivalents.  In  a  few  instances  cast-iron  ele- 
ments with  comparatively  thick 
walls  are  still  used,  but  there  is 
a  growing  tendency  to  look  with 
suspicion  on  the  use  of  this  ma- 
terial in  cases  where  temperatures 
and  pressures  are  high  and  where 

Fig.  368.  temperature  changes  are  great. 

Figs.  368  and  369  show  the  two 
elements  most  commonly  used  in  this  country.  Instead  of  hav- 
ing the  tube  ends  enter  separate  headers,  they  are  sometimes 


SUPERHEATERS  567  J 

connected  with  a  single  one  arranged  with  suitable  partition  I 
plates  or  baffles.  The  element  shown  in  Fig.  369  has  a  thin 
annular  steam  passage  twtween  a  sealed  inner  tube  and  an  outer 
one  which  is  surrounded  by  flanges.  The  flanges,  which  are  of 
cast  iron,  present  large  heat-absorbing  surfaces  to  the  hot  gas. 
protect  the  steel  tubes  and  store  heat,  but  add  to  the  expense  of 
construction.  The  steam  is  brought  intimately  into  contact  with 
the  walls  of  the  larger  tube,  since  it  can  flow  through  the  thin 
annular  passage  only, 

fe)  Experience  has  shou*n  that  the  ideals  to  be  attained  in 
superheater  construction  and  arrangement  are:  (i)  perfect  free- 
dom of  expansion;  (2)  ability  to  withstand  high  temperature, 
high  pressure,  and  violent  changes  in  temperature;    (3)  avoid- 


Fig,  369. 


ance  of  screwed  joints;  (4)  the  protection  of  all  joints  from  ex- 
posure to  the  hot  gases;  {5)  proxision  for  cleaning  externally 
and  internally;  (6)  means  for  adjusting  the  superheat  to  any 
desired  temperature;  (7)  natural,  or  automatic,  regulation  to 
maintain  that  temperature;  (8)  means  of  bypassing  the  steam 
around  the  superheater  when  the  latter  is  out  of  commission; 
(9)  provision  for  flooding  the  elements  (in  some  cases)  with  water 
and  for  draining  them;  (10)  small  space  requirements;  (11)  low 
first  cost;  and  {12)  small  expense  of  operation  and  maintenance. 

273.  Separately  Fired  Superheaters,  (a)  Two  examples  of 
separately  fired  superheaters  are  illustrated  in  Figs.  370  and  371, 
In  all  such  apparatus  it  is  nearly  always  necessary  to  prevent  the 
flame  and  very  hot  gases  from  impinging  directly  on  the  super- 
heating surface,  it  being  generally  considered  that  temperatures 
from  1300  to  1500"  arc  the  highest  allowable  for  the  gases 
-which  are  in  contact  with  such  surfaces;  hence,  the  use  of  inter- 
'pting  brick  arches  and  walls  through  which  the  hot  gases  must 
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pass,  as  shown  in  Fig.  370,  though  a  greater  decree  of  security 
is  attained  by  combining  a  water  element  with  these  walls,  as 
shown  in  Fig.  371. 

(b)  The  temperature  of  superheat  may  be  controlled  directly 
by  varying  the  rate  of  combustion,  by  means  of  a  damper,  as  in 
Fig.  371 ;  by  bypassing  the  gases,  or  by  both  of  these  methods, 
as  in  Fig.  370.  But  even  if  the  dampers  be  made  to  normally 
follow  the  delivery  temperature  exactly,  as  can  be  done  by 
means  of  thermostatic  control,  the  heat  stored  in  the  walls  (A 
the  setting  will  cause  an  abnormal  rise  of  temperature  when  the 


demand  for  steam  suddenly  decreases  to  any  considerable  extent. 
Then  there  may  also  be  sudden  drops  in  the  temperature  due 
to  the  inflow  of  cold  air  when  the  furnace  doors  are  opened  for 

(c)  Compared  with  the  built-in  type,  the  separately  fired 
superheater  has  many  di.sad vantages,  of  which  the  principal  ones 
arc;  (1)  Greater  first  cost  because  of  the  separate  setting  and 
grate;  (2)  larger  maintenance  cost  because  of  separate  setting; 
(3)  greater  cost  of  operation  Ijccause  of  separate  furnace  to  be 
firci:!:  (4)  greater  floor  space  occupied;  (5)  grate  losses,  which 
in  this  case  arc  added  to  those  of  the  boiler;  (6)  lower  efficiency 
because  the  flue  gas  enters  the  stack  at  a  temperature  which 
must  be  higher  than  with  built-in  type,  where  superheater  is 
followed  by  water  heating  surface;    (7)  greater  radiation  loss 
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because  of  individual  setting;  and  (8)  difficulty  of  controlling 
temperature  of  steam,  as  explained  in  (bj  above.  The  separately 
fired  superheater  has  the  advantage  that  the  boilers  can  stili  be 
used  to  supply  saturated  steam  even  when  the  superheater  is  out 
of  commission;  that  it  permits  the  variation  in  the  degree  of 
superheat  to  be  made  independently  of  the  operation  of  the 
.  boiler,  and  one  superheater  can  be  used  for  several  boilers. 

(d)  Although    it    has    many  disadvantages,    the    separately 

I  fired  apparatus  may  be  of  value  in  many  instances.     In  some 

I  plants,  steel  mills  for  instance,  there  are  often  large  quantities 

f  of  hot  gases  which,  by  such  apparatus,  can  be  used  to  superheat 

he  steam  coming  from  the  boilers,  but  which  would  otherwise 


I  be  wasted-  Then,  there  are  also  many  industries  in  which  steam 
exhausted  from  engines  is  use<l  in  some  manufacturing  process, 
and  in  many  such  cases  it  is  desirable  to  superheat  this  steam  in 
separately  fired  superheaters.  Again,  either  as  a  means  of  im- 
voving  the  economy  or  of  increasing  the  capacity  of  a  boiler 
lant  already  installed,  it  may  be  desirable  to  superheat  the 
am  generatetl.  and  in  such  cases  it  will  generally  appear  upon 
bvestigatton  that  the  separately  tired  unit  is  the  better  invest- 
pent.  as  it  will  involve  least  changes  in  piping  and  settings. 

374.  Boiler  Draft  Superheaters,  (a)  Examples  of  this  t)-pe 
illustrated  in  Figs.  372  to  374.  In  nearly  all  cases 
t-in  superheaters  are  installed  at  such  a  point  in  the  flues,  or 
i  passes,  that  the  temperature  of  the  gas  reaching  them  can 
^er  greatly  exceed  about  1500°  F.     There  are  a  few  instances, 
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however,  as  in  Fig.  372,  in  which  the  superheaters  are  installed 
in  a  separate  brick  chamber  within  the  boiler  setting  and  are 
supplied  with  hot  gases  directly  from  the  furnace,  by  means  of  a 

passage  in  the  brick  walk 
of  the  bcHler  setting,  the 
flow  of  gas  being  cootroDed 
by  a  damper  in  the  passage, 
(b)  Two  distinctly  dif- 
ferent methods  of  maio- 
taining  an  approxiinately 
constant  temperature  of 
superheat  are  in  use.  k 
one,  the  superheating  de- 
ments are  located  at  sudb 
a  point  (as  in  Fig.  373)  that 
the  gases  reaching  them 
vary  in  temperature  and  quantity  as  nearly  as  possible  in  propor- 
tion to  the  amount  of  steam  flowing.  The  attainment  of  such 
conditions  is  generally  more  ideal  than  real,  but  is  fairiy  well 
approximated  in  a  few  instances,  since  the  amount  of  steam  gen- 


Fig.  372- 


X>rmtn 
Valve 


Fig-  373- 


crated  depends  directly  on  the  quantity  and  temperature  of  the 
gases  coming  from  the  furnace. 

In  the  other  method  the  superheating  elements  are  installed 
within  a  separate  chamber,  as  in  Figs.  372  and  374,  and  a  damper, 
which  regulates  the  supply  of  hot  gases,  is  put  under  some  sort 
of  control,  which  may  be  thermostatic.  These  superheaters 
have  a  certain  temperature  lag,  as  do  the  separately  fired  variety, 
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t  it  is  not  as  great  as  in  that  case  because  of  the  smaller  amount 
jof  brickwork  surrounding  them. 


275.   Protection    of    Superheater,     (a)  No   superheater,    no 

alter  what   its  construction,   will   last   for  any  considerable 

Plength  of  time  if  exposed  to  the  hot  furnace  gases  when  steam 

is   not  flowing  through  It.     To  prevent  damage  in   this  way, 

during  the  period  of  firing  up  and  when  cooling  down  or  standing 

idle,  some  protective  device  is  essential. 

(b)  With  separately  fired  superheaters  the  hot  gases  may  be 
deflected,  as  in  Figs.  370,  372,  and  374.  so  that  they  bypass  the 
superheater  and  flow  directly  from  the 
furnace  to  the  stack,  or  protecting  rings 
like  those  in  Fig.  369  may  be  used,  or 
provision  may  be  made  for  "  flooding  " 
the  superheater  —  that  is,  filling  it  with 
water  whenever  the  flow  of  steam 
ceases.  The  latter  method  is  open 
to  the  objection  that  scale- forming 
material  may  be  deposited  in  the 
superheater,  thus  decreasing  its  ability 
to  transfer  heat  from  gases  to  steam, 
which  would  ultimately  result  in  main- 
taining the  metal  of  the  superheater  at 
too  high  a  temperature  when  in  opera- 
tion and  thereby  shortening  its  life. 

(c)  When  boiler  draft  superheaters 

are  located  in  a  separate  chamber  within  the  boiler  setting,  either 
of  the  above  methods  may  be  used,  but  the  objection  to  the  last 
holds  equally  well  for  this  case. 

(d)  When  boiler  draft  superheaters  are  located  directly  in  one 
the  passes  the  most  customary  method  of  protecting  is  by 

They  are  generally  so  arranged  (as  in  Fig.  373)  that 
hen  flooded  they  form  part  of  the  boiler  evaporating  or  heating 
rface,  practically  being  connected  in  parallel  with  it,  but  so 
lat  they  can  be  drained  and  connected  in  series  with  the  boiler 
rhen  superheat  is  desired. 

(e)  In  connection  with  this  latter  arrangement,  an  auxiliary 
Tety  valve  is  sometimes  placed  between  the  superheater  and  . 

le  main  stop  valve,  so  that  if  this  latter  valve  is  suddenly  c 
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or  if  the  demand  for  steam  suddenly  ceases,  before  the  fires  can 
be  deadened,  the  rising  pressure  of  steam  will  pop  this  safety 
valve  (before  the  main  safety  valve  opens),  and  allow  steam  to 
pass  through  the  superheater,  thus  protecting  it  temporarily 
and  warning  the  attendant  of  the  necessity  for  checking  the  fire 
and,  possibly,  for  flooding  the  apparatus. 

276.  Superheater  Surface,  (a)  The  determination  of  the 
amount  of  surface  required  by  a  superheater  to  give  a  definite 
degree  of  superheat,  when  fired  in  a  certain  way,  or  located  in  a 
given  position,  is  largely  a  matter  of  experience  with  each  manu- 
facturer of  each  different  type  of  boiler.  There  are  several 
distinct  methods  of  approximating  the  amount  of  super-heating 
surface  required ;  the  three  most  common  are  given  below. 

(b)  The  superheating  surface  may  be  taken  as  a  multiple  oj 
the  grate  surface.  Thus  for  water  tube  boilers,  the  heating  sur- 
face of  built-in  superheaters  is  generally  taken  at  from  8  to  12 
times  the  grate  area,  depending  upon  location  within  the  setting, 
average  rate  of  firing,  superheat  desired,  character  of  coal,  etc. 
With  long  flaming  coals  the  gases  often  arrive  at  the  superheater 
at  a  higher  temperature  than  with  short  flaming  fuels  and  a 
smaller  surface  may  therefore  be  used. 

For  internally  fired  boilers,  values  between  25  and  35  times 
the  grate  area  are  used. 

(c)  The  superheating  surface  may  be  taken  as  3,  fraction  of  the 
boiler  heating  surface.  For  water  tube  boilers  it  varies  between 
10  and  40  per  cent  of  the  boiler  heating  surface,  though  it  rarely 
exceeds  20  to  30  per  cent.  For  internally  fired  boilers  a  greater 
ratio  is  required,  reaching  in  some  cases  to  values  almost  equal  to 
the  boiler  heating  surface,  and  seldom  dropping  below  50  per 
cent  of  that  surface. 

(d)  The  number  of  square  feet  of  superheating  surface  (5) 
required  may  be  determined  by  calculations,  taking  account  of 
rate  of  heat  transmission  per  square  foot  per  hour,  which  depends 
both  on  the  coefficient  (K)  of  heat  transmission  and  mean 
temperature  difference  (Bm)  between  steam  and  gases.  In  this 
case,  the  heating  surface  required  to  transmit  per  hour  an  amount 
of  heat  equal  to  A^  is 

^-§. <^« 
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The  coefficient  (K)  is  the  heat  (B.t.u.)  transmitted  per  square 
foot  of  surface,  per  degree  difference  of  temperature,  per  hour. 
Its  value  varies  widely  with  conditions  and  is  found  by  experi- 
ment or  experience.  High  velocity,  thin  streams  of  steam  or 
gas,  violent  agitation,  and  high  temperature  and  pressure,  in- 
crease its  value.  The  condition  of  the  superheater  also  has 
considerable  effect;  when  scaled  internally  and  covered  with 
ash  and  soot  externally,  the  rate  of  transmission  is  very  low. 

In  general,  values  of  K  vary  from  i  to  as  high  as  10,  and  con- 
siderable experience  is  required  in  choosing  a  proper  value. 


CHAPTER  XXXII. 

DRAFT  AlfD  DRAFT  APPARATUS. 

277.  General  Principles,  (a)  The  flow  of  air  and  products 
of  combustion  through  the  steam-generating  apparatus  is  re- 
tarded by  the  resistances  encountered  in  the  various  portions  of 
the  passage.  The  total  resistance  (R),  from  the  point  where  the 
air  enters  the  boiler  setting  to  the  base  of  the  stack,  is  the  sum- 
mation of  the  resistances  of  the  fuel  bed  (-R/),  of  the  boiler  passages 
(Rp),  of  the  flues  or  breeching  (Rh)  and  of  any  other  passages  {RJj 
(such  as  that  through  an  **  economizer ")  which  are  traversed. 
Thusi^  =  Rf  -{-Rp  +i?6  +  i?x.  It  is  of  course  desirable  to  have 
the  total  resistance  as  small  as  possible,  hence  each  component 
resistance  should  be  reduced  to  the  fullest  extent  allowable. 

(b)  As  the  gases  flow  only  from  places  of  higher  pressure  to 
those  of  lower  (through  a  process  of  expansion)  the  gas  pressures 
must  decrease  progressively  from  the  point  of  entrance  to  the 
point  of  exit,  the  pressure  drops  through  the  different  portions 
depending  on  the  respective  resistances  of  the  parts. 

The  way  in  which  the  pressure  varies,  as  the  particles  of  gas 
advance  through  the  steam-generating  apparatus,  is  shown  in  a 
general  way  in  Fig.  375  by  the  curve  abed,  in  which  the  abscissas 
represent  the  decrease  of  pressure  below  that  at  the  point  of 
admission  and  the  ordinates  are  distances  along  the  passage, 
measured  from  the  same  point. 

Evidently,  the  same  curve  would  apply  (in  this  particular 
case)  regardless  of  whether  the  inlet  pressure  is  atmospheric,  or 
greater  or  less  than  that,  for  the  same  pressure  drops  and  the 
same  gradients  to  the  curve  would  still  be  required.  The  differ- 
ence between  the  abscissas  of  any  two  points  on  this  curve  gives 
the  pressure  drop  required  to  overcome  the  resistance  between 
the  corresponding  points  in  the  apparatus.  The  final  abscissa 
represents  the  pressure  drop  developed  through  the  whole  ap- 
paratus, and  is  evidently  equal  to  the  summation  of  all  the 
pressure  drops,  i.e.,  AP=  AP/  +  APp  +  AP^  +  AP„  in  which 
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hs.  subscripts  refer  to  the  same  parts  as  before.  It  is  the  func- 
ion  of  the  stack,  or  other  draft-producing  device,  to  develop  this 
lifference  in  pressure. 

(c)  As  the  pressure  variations  of  the  flue  gas,  measured  from 
atmospheric  pressure,  are  very  low,  they  are  ordinarily  deter- 

toined  by  means  of  water  manom- 
Hers.  as  shown  in  Fig.  375,  and  are 
iierefore  commonly  expressed  in 
a-ms  of  inches  of  water  column 
("  hydraulic  inches  "}  as  compared 
with  atmospheric  pressure.* 

The  tolal  pressure  drop  from  air 
^nlet  to  base  of   stack  is  generally 
(etwcen  0,4  and  1.2  inches  of  water 
when  determined  in  this  way. 

The  \'elocity  of  flow  is  generally 
small  that  the  velocity  head  can  ' 
■  neglected  in  the  ordinary  prob- 
|lems  that  arise  in  connection  with  Fig.  375. 

Ihe  subject  under  discussion. 

(d)  According  to  Bernoulli's  theorem  (which  can  be  applied  to 
the  steady  and  continuous  flow  of  gases  in  long  pipes  when  there 
are  small  pressure  drops),  the  total  head  is  the  same  at  all  points 
in  the  passage.     At  the  point  (o)  of  entrance  it  is  the  sum  of  the 

felocity  head  I  —  I ,  the  pressure  head  [  —  \  ,  and  the  potential 
lead  to:  and  at  any  subsequent  point  (.v)  it  is  the  sum  of  the 
lilar  heads  for  that  point  together  with  friction  head  F  of  the 
btervening  passage.     Thus 


\2fi 


-  +  T  +  --) 


Vs)-\-F, 


(408J 


1  which  V  =  velocity  of  flow  in  feet  per  second, 
P  =  pressure  in  pounds  per  square  foot. 
8  =  specific  density  =  weight  per  cubic  foot  of  gas,  and 
s  =  elevation  in  feet. 
The  friction  head  (ft.)  is 


■  One  inch  ol  walcr  ir 
K  pound  per  square  I 


nn  ccirrespODiis  to  — —  =  s>'  pounds  per  squar 
curtesponds  to  .19]  mchcs  of  water  column. 
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in  which  L  =  length  of  flue  in  feet, 
/  =  coefficient  of  friction, 

5  =  length  of  perimeter  of  the  cross-section  in  feet, 
A  =»  area  of  passage  in  square  feet, 

and  the  ratio  A/S  is  called  the  **  mean  hydraulic  radius.^' 

In  the  passages  through  the  boiler  the  variation  in  velocity  and 

in  elevation  can  ordinarily  be  neglected,  hence  the  quantities  r 

and  z  disappear  from  Eq.  (408)  in  this  case. 

Then  from  Eqs.  (408)  and  (409),  using  a  mean  density  6m  and 

letting  AP  =  (Po  —  -P«),  the  change  in  pressure  head  is 

-J^-^^-fTg^A (^'^) 

which  sho>\'s  that  the  pressure  drop  is  dependent  solely  on  the 
frictional  resistance,  which  x-aries  directly  with  r*,  L  and  the 
character  of  the  surfaces  and  inversely  with  the  mean  hydraulic 
radius  (.4  5). 

The  velocity  of  flow  is,  from  Eq.  (410), 

r  =  \  2gAPX(v4-^/L5^«)  ....     (411) 
anvl  for  any  given  passage 

r  =  const  v^XP (412) 

Evidently  the  nito  of  combustion,  which  is  dependent  on  the 
wKxMty  i^amount)  of  the  air  passing  through  the  fuel  bed,  can  be 
rvxluvxxl  by  dei^reasing  A  in  Eq.  (,411^.  other  things  remaining 
tho  Ssune,  as  by  pkirtly  ck>sing  the  damper. 

y^e^  But  in  the  actual  case  of  flow  of  gases  through  steam-gen- 
erating apjxiratus,  tho  c\>nditions  are  quite  different  from  the 
h\|x>thetical  ones  assumed  in  connection  with  Bernoulli's  The- 
orem, —  tor,  thrv>ugh  jxirt  of  the  passage  there  is  air  of  a  certain 
density.  ihrv>ui:h  tho  rx^t  is  a  complicated  mixture  of  gases 
var\  in»;  as  to  oompositi^Mi.  density  and  temperature;  the  passages 
arx"  oiauiunis,  haw  sihiden  changes  in  areas  and  in  directicm 
auvi  haw^  ^\My  jxxkets:  the  resistance  through  the  fue^  bed  is 
vvr.>:.r.::!y  varvin*:  and  the  flow  of  gas  is  neither  steady  nor 
:H\x">Sviri!\  ov>n:inuvHis,  —  hencv.  the  anal>^s  of  the  laws  gov- 
cr.v!::c  '*-o  av^tual  case  is  dimcul:  and  as  wt  these  lam^  are  not 
\\v*.  v^:/*biishev-i. 

Fhor^*  ar\\  hv^^xn-er,  a  few  iieneral  sratements  which  can  be 
nkivic  .uhI  which  an?  more  or  lesjs  applkabJe  to  most  cases:  tbey 
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»y  serve  as  rough  guides  in  approximating  the  solution  of 
roblems  connected  with  boiler  draft.*  These  are  given  in  the 
ollowing  paragraphs. 

(f)  Other  conditions  remaining  the  same  (temperatures,  re- 
fetaaces,  etc.).  the  weight  (a')  of  air  entering  the  furnace  in  a 
nit  of  time  is  dependent  on  the  velocity  of  flow,  and  appears 

I  vary  about  as  the  square  root  of  rhe  pressure  drop  (A-P) 
hrough  the  passages.!  As  the  rate  of  combustion  {R)  is  directly 
tependent  on  the  air  supply  il  varies  approximately  in  like  man- 
R  =  const.  V ' A P,  where  the  constant  varies  with  the 
ize  and  kind  of  coal,  method  of  firing  and  other  conditions. 
thus,  doubling  the  pressure  drop  increases  the  rate  to  about 
■^  (=  vi)  its  former  value;  and  to  burn  fuel  twice  as  rapidly 
B  before  involves  nearly  quadrupling  the  draft  pressure, 

(g)  It  is  also  approximately  true  that  if  the  resistances  remain 
unchanged,  the  pressure  drop  through  any  portion  of  the  passage 

till  remain  the  same  fraction  of  the  total,  regardless  of  the  vari- 
jation  in  the  over-all  drop,  that  is,  the  pressure  gradients  would 
Brary  proportionally.  For  example,  for  the  case  shown  in 
^ig,  575,  with  change  in  draft,  the  curve  would  merely  be  re- 
blotted  with  all  abscissas  changed  proportionally  to  the  varia- 
pon  in  the  over-all  drop,  or  the  same  curve  could  be  used  with 
luitable  change  in  scale. 

(h)  The  resistances  encountered  var>'  about  as  the  square  of 
tfie  velocity  (as  in  Eq.  409),  although  probably  the  exponent 
ihoutd  be  slightly  less  than  2.  say  1.8.  Hence,  doubling  the 
docity,  to  obtain  a  twofold  rate  of  combustion,  necessitates 
■out  four  times  as  intense  a  draft,  and  nearly  four  times  as  much 
lork  will  be  done  in  moving  the  gases. 

'  (i)  .As  the /wa'f  is  the  product  of  resisting  force  by  the  velocity 
■  motion,  the  amount  required  for  removing  the  gases  varies 
►out  as  the  rube  of  the  velocity  of  flow,  i.e.,  as  the  cube  of 
|ie  amount  of  air  supplied,  or  as  the  cube  of  the  rate  of  combus- 
Thus,  in  order  to  double  the  rate  of  combustion,  or  boiler 
litput,  the  draft-producing  apparatus  would  have  to  do  nearly 
Bght  times  as  much  work.  Therefore,  while  from  the  stand- 
mint  of  space  occupied  by  the  boiler  it  may  be  desirable  to 

I,  U-  S,  liurrau  of  Mines,  "Significaace  o(  Drafts,' 
■  experimenU  on  drift. 
T  t  Thus  it  follow!  opprtuiimately  Eq,  U'  ')■ 
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force  the  rate  of  combustion  as  much  as  possible,  the  additional 
expense  for  power  and  apparatus  for  handling  the  gases  with 
greater  velocity  places  a  limit  beyond  which  it  is  financially 
unprofitable  to  go. 

278.  Amount  of  Pressure  Drop  Required,  (a)  The  pressure 
drops  (hf  inches  of  water)  generally  needed  for  overcoming  the 
resistance  through  the  fuel  bed  have  already  been  given  in  Fig. 
326  for  the  different  rates  of  combustion  of  several  sizes  of 
various  kinds  of  coal  when  burned  under  the  usual  conditions. 
But  much  variation  from  these  curves  exists,  since  the  intensity 
of  draft  depends  also  on  the  thickness  of  the  fuel  bed,  character 
of  the  ash  and  clinker,  method  of  firing  and  other  items. 

(b)  The  drop  in  pressure  {hp  inches  of  water)  through  the 
boiler  passages  depends  on  the  length  and  cross  sections  of  pas- 
sages, arrangement  of  baffles,  arrangement  of  tubes,  etc.  Under 
ordinary  rates  of  combustion  it  ranges  as  in  Table  XXIV  and 
varies  about  as  the  square  of  the  rate  of  combustion  (as  explained 
in  Sect.  277  (f))  when  operating  at  greater  or  lower  rates. 

TABLE  XXIV.  —  PRESSURE  DROPS  THROUGH  BOILERS.* 


B.  and  W.  — double  deck 0.4  in. 

B.  and  W.  — standard o-3  " 


Stirling  or  Heine 0.2  in. 

Return  Tubular o.i  " 


(c)  To  overcome  the  resistance  of  the  breeching,  or  flues,  be- 
tween the  boiler  and  the  stack,  a  pressure  drop  (A*)  of  about  ^ 
inch  of  water  is  generally  assumed  per  100  feet  of  length  of  smooth 
round  passage  when  the  boilers  are  being  forced,  and  half  as 
much  for  each  elbow,  though  much  depends  on  the  mean  hy 

draulic  radius  ( ^J  of  the  passage,  on  the  curvature  of  the  bends, 

character  of  wall  surface,  etc. 

It  would  of  course  reduce  the  cost  of  the  breeching  if  small  cross 
sections  and  high  velocity  of  flow  were  used.  But  since  the  re- 
sistance varies  as  the  square  of  the  velocity,  greater  draft  would 
then  be  needed  to  overcome  it,  and  this  would,  in  general,  add 
to  the  expense  for  the  stack  (or  other  draft -producing  apparatus) 
an  amount  greater  than  the  saving  effected  in  outlay  for  the 
breeching.  Hence,  the  breeching  is  usually  given  a  liberal  cross 
sectional  area,  one  at  least  equal  to  that  of  the  stack  and  gener- 

*  Kingsley,  Eng.  Record,  Dec.  21,  1907. 
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HJlIly  20  per  cent  greater,  the  velocity  of  flow  being  not  more  ihan 
pUiat  ill  the  stack,  and  generally  about  30  per  cent  less. 
r  (d)  The  total  pressure  drop  (Ai)  inches  of  water  between  air 
inlet  and  base  of  stack  evidently  equals  the  sum  of  the  drops 
through  these  various  elements  of  the  passage  and  of  any 
Others,  such  as  those  tlirough  economizers,  which  may  be  located 
petween  ihe  boiler  and  stack.  Thus  Ai  =  A/  +  A,,  +  hi,  +  A,. 
The  draft-producipg  apparatus  should  of  course  be  proportioned 
>  give  a  pressure  drop  at  least  sufficient  to  cause  the  greatest 
aie  of  combustion  that  will  ever  be  demanded  with  ihc  poorest 
fuel  which  ia  likely  to  be  used ;  then,  smaller  rates  can  be  obtained 
>y  reducing  the  amount  of  air  supplied,  which  can  be  done  by 
cgulating  (he  dampers  and  air  inlets  either  by  hand  or  by  some 
tutomatic  device,  the  latter  being  generally  operated  by  the 
light  variations  in  steam  pressure  which  accompany  the  changes 
D  the  demand  for  steam. 

(e)  The  current  of  gases  through  the  boiler  can  be  cuused 
Bther  by  "natural"  draft  of  a  chimney  (or  stack),  or  by  "arti- 
icial"  draft  maintained  either  by  steam  jets  or  by  power-driven 
ons.  . 

The  duty   of    the   draft-producing    apparatus   is   twofold  — 
,  it  must  produce  the  needed  intensity  of  draft  and,  second, 
t  must  provide  means  for  carrying  off  the  products  of  combust  ion. 

279,   Chimney  Draft,     (a)  When  one  pound  of  carbon  is  com- 

letely  burned  in  air  to  COi,  the  latter  gas  will  have  the  same 

K>lu(ne  at  the  same  temperature  and  pressure  as  did  the  oxygen 

irith  which  the  carbon  united  (in  accordance  with  Sect.  238  (a)) ; 

the  resulting  flue  gas  will  have  one  pound  more  material 

Jian  was  in  the  air  which  supplied  the  oxygen.     TTius,  for  ex- 

unple,  if  the  excess  coefficient  is  two,  24  pounds  of  air  with 

^peahc  density  =  .0807  *  are  supplied  for  rhe  complete  combus- 

jion  of  one  p«jund  of  carbon  and  there  will  result  25  [xiundit  of 

which  «S1I  ha\-e  a  specific  densitj'*  of  (JJ)  X  .0807  =  .084. 

the  weight  of  a  column  of  air  one  foot  high,  at  sea  level 

at  temperature  I,"  F.,  is 


I 


D  =  (J0807  X  49»)  -i-  ('.  +  460J. 


(4 '3) 


b  pCT  rubk  looe  al  31'  F.  (or  4 


*  AInelute)  and  vrukt  t 


7  jioundi  j 
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and  that  of  a  similar  column  of  flue  gas.  with 
equal  to  two  and  with  temperatufc  /,"  F.,  is 

d  =  (.084  X  492)  -5-  (',  +  460).       .       .       .       (414) 

<b)  In  Fig-  376  (a)  the  inteosit)-  of  pressure  Ciierted  on  the 
side  of  the  partition  X  by  the  column  (^ ;  of  cold  air  at  tempera- 
ture /«,  and  that  exerted  by  the  equal  column  (C)  of  hot  ^s  at 
/,'  F..  are  respectively,  in  inches  of  water,* 

A.  =  .192  HD  =  7.64  n  (u+  460),  .     .     .     (415) 
and  k,  =  .192  Hd  =  7.95  H  (t,  +  ^),     .     .      .     (416) 

where  H  is  the  height  of  the  ctJumns  in  feet,  and  D  and  d  hxn 
the  values  given  in  Eqs.  (413)  and  (414).     This  is  of  course  on 


s 


the  assumption  that  equal  pressures  of  air  are  exerted  on  the 
tops  of  these  columns.  The  difference  between  these  pressure 
intensities  on  the  opposite  sides  of  the  partition  is  (at  sea  Ie\^I) 


ft,  =  (ft.  ~  ft,) 


7  95 


{417) 


h  460       /,  +  460/' 
and,  if  the  partition  is  removed,  this  will  be  the  draft  pressure 
tendinK  to  cause  the  flow  of  gases  upward  through  column  G. 

fc)  If  means  are  provided  for  maintaining  the  high  temper- 
ature (1^)  in  column  C,  there  will  be  a  constant  flow  of  gases, 
and  as  the  air  in  column  A  is  under  atmospheric  conditions  the 
enveloping  shell  around  that  column  can  be  omitted-  Under 
these  circumstances  the  conditions  are  those  existing  when  a 
•  See  fooUiote,  page  575. 
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tiace  and  chimney  (stack)  are  in  operation,  as  in  Fig.  376  (b) ; 
•nee  Eq.  (417)  can  Ix;  used  for  obtaining  the  theoretical  draft 
essitrf  hi  developed  by  a  stack  of  height  H  feet  when  the  re- 

Btstances  through  the  stack  are  neglected,  and  it  gives  the  draft 

preseure  that  would  occur  when  the  ash-pit  doors  are  closed  and 

no  gases  are  flowing. 

Then,  the  theoretical  height  (H,)  of  stack  needed  for  producing 

a  draft  pressure  of  h  inches  of  water  at  its  base  is  (from  Eq.  41 7) 


fi  -h  ■  (    7-^  7 


■95 


,  +  460/ 


{418) 


It  sea  level  (14.7  lbs.  per  sq.  in.).     Obviously  //,  will  vary  with 
liangcs  in  the  atmospheric  pressure  (barometer). 

(d)  Under  normal  conditions  the  temperature  of  the  flue  gas 
it  the  base  of  the  stack  generally  lies  between  500  and  600°  F. 

jn  different  tyjies  of  boilers;   but  if  "economizers  "  are  used,  it 
ill  be  less  and  in  some  instances  may  be  reduced  to  300°  F. 
When  tlic  boilers  are  being  forced  the  temperature  rises  above 
le  normal,  which  helps  to  augment  the  draft.     In  using  Eqs. 
'417)  and  (418)  for  the  draft  and  the  height  of  a  new  stack,  i, 
lould  be  taken  as  the  lowest  flue  temperature  and  la  as   the 
highest  atmospheric  temperature  that  are  liable  to  exist  simul- 
taneously.    As  the  gases  become  cooled  in  passing  up  the  stack, 
/,  should  be  the  mean  temperature;    it  is  customary,  however, 
to  use  the  temperature  at  the  base  of    the  stack  and  then  to 
[Correct  for  the  error,  and  for  the  resistances  within  the  stack, 
ly  making  the  actual  height  about  25  per  cent  greater  than  the 
leoretical  one.     The  effects  of  the  column  of  hot  gases  above 
tack  and  of   the  wind  are  generally  neglected.     Whether 
le  wind  assists  or  retards  the  draft  depends  on  the  arrange- 
nt  of  the  chimney  top. 

In  practice  the  height  of  stack  is  from  80  feet,  with  free  bum- 
coals  and  little  resistance,  to  175  feet,  or  more,  with  fine 
ithradte  coal  and  with  considerable  resistance  in  the  passages. 
settled  districts  the  height  should  always  be  sufficient  to 
itisfactorily  dispose  of  the  obnoxious  gases. 

(e)  The  cross  sectional  area  of  the  stack  should,  of  course,  be 
ide  ample  for  accommodating  ihe  gases  when  the  boilers  are 

irced  to  their  maximum  capacity,  and  in  fixing  the  size  allow- 
iCe  should  always  be  made  for  any  possible  growth. 
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Having  found  the  actual  height  of  stack,  it  is  quite  common 
practice  to  compute  the  cross  sectional  area  by  using  Wm.  Kent's 
empirical  fonnuUiy  which  was  derived  as  follows:  — 

Assuming  that  the  volume  of  gas  formed  per  hour  is  dependent 
on  the  amount  of  coal  burned,  which  in  turn  is  proportional  to 
the  boiler  horse  power  {BP)  developed,  and  that  the  velocity  of 
flow  varies  as  the  square  root  of  the  height  H  (feet)  of  stack,  it 
follows  that  the  area  is  a  function  of  BP  -^  y/H.  Then,  from  an 
analysis  of  numerous  chimneys,  Kent  found  that  the  effective 
area  (£),  in  square  feet,  should  be  about 

E^,3(BP)^VH (419) 

It  is  also  assumed  that  if  it  is  considered  that  the  chimney  has  a 
t^'o-inch  lining  of  stagnant  gas,  the  flow  through  the  remainder 
of  the  cross  section  can  be  taken  as  being  without  resistance. 
Hence  the  actual  diameter  of  a  circular  chimney  and  the  length 
of  side  of  a  square  one  are  made  four  inches  greater  than  the 
corresponding  dimensions  determined  for  the  effective  area. 

Kent's  proportions  are  liberal  as  they  provide  for  the  com- 
bustion of  about  5  pounds  of  coal  per  B.P.-hour,  whereas  not  o^-er 
4  ix)unds  are  ordinarily  used.  They  allow  for  velocities  of  gas 
thrt>ugh  the  stack  ranging  from  about  20  ft.  sec.  ^-ith  100  feet  of 
height  to  about  30  ft.  sec.  in  a  200-foot  stack. 

[f)  A  more  rational  method  of  determining  the  propcMXioiis  of 
a  stack  for  a  gi\-en  set  of  conditions  may  be  carried  through  in 
the  follo^-ing  order: 

1st,  .Assuming  from  250  to  300  cubic  feet  of  air  at  60^  F.  as 
the  amount  needed  to  support  the  combustion  of  one  pound  of 
coal,  and  knowing  the  maximum  weight  of  fuel  to  be  consumed 
j^r  unit  of  time,  compute  the  corresponding  total  x-olume  of  gas 
at  stack  temperature. 

2d.  Assuming  a  velocir\'  of  flow  of  from  20  ft,  sec.,  for  short 
stacks,  to  30  ft.  sec.,  or  more,  for  ver\-  tall  ones,  compute  the 
elToinive  cr^ss  sectional  area  needed  to  discharge  this  \T4uiiie: 
and  then,  allowing  for  a  two-inch  lining  of  stagnant  gas,  deter- 
mine the  final  dimensions  of  the  cross  section. 

3d.  Find  the  loss  of  draft  hz  inches  of  water ;  ariang  from  the 
stack  resistances,  which  are  due  to  c  change  of  direction  ci  the 
cas<^  ur»on  enterinkt  the  base  of  the  stack,  ^b)  the  skin  frictioii 
anJ.     .     the  displacement  of  the  atmos|^ere  b>'  the 
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From  Kingsley's  experiments'  this  loss  for  a  velocity 
Bit. /sec.  was  found  10  be  given  approximately  by  the  equation 


I  4th.  Determine  the  pressure  drop  Ai  up  to  the  base  of  the 
ack  and  compute  the  theoretical  height  (Hi)  from  Eq.  (418). 
I  5th.   Then  find  the  actual  height  (/fj  of  stack  from 


//  =  //,  (A,  +  A,)  - 


(421) 


(b)  By  using  the  higher  velocities,  the  stack  diameter  is  de- 
reased.  which  would  result  in  a  reduction  in  the  cost  of  the 
tack  if  other  things  remained  the  same;  but  these  greater 
jrlocities  necessitate  an  increase  in  the  height  of  stack,  thus  en- 
kiling  an  additional  expense  which  either  partly  or  wholly 
psets  that  saving.  Evidently  for  a  given  set  o(  conditions 
here  is  some  velocity  which  will  give  a  proportion  of  height  to 
Kameter  requiring  a  minimum  amount  of  material  for  con- 
■ucting  the  stack,  and  hence  involving  the  least  outlay  of 
Boney. 

[  (h)  For  rough  estimating  it  can  be  assumed  that  a  100-foot 
lack  with  gases  at  500°  and  air  temperature  at  70°  will  exert  a 
lieoretical  draft  pressure  of  .6  inches  of  water  at  its  base;  that 
2  draft  varies  directly  with  the  height;  and  that  the  effective 
ross  sectional  area  in  square  feet  is  equal  to  (he  number  of 
tounds  of  coal  burned  per  minute.  For  ordinary  conditions 
\  with  bituminous  coal  the  stack  area  is  about  f  th  the  grate  area 
I  and  with  anthracite  coal  about  ^th. 

(i)  The  different  parts  of  a  chimney  and  its  foundation  must 
knot  only  carry  the  weights  above  but  must  also  withstand  the 
ft'vind  pressure.  Chimneys  are  made  of  (i)  common  brick,  {2) 
Bxadial  brick,  (3)  reinforced  concrete  and  (4)  steel  plates. 

A  comparison  of  Figs.  377  to  380,  which  illustrate  stacks  of 
e  different  types  but  of  the  same  height  and  internal  diameter, 
rill  show  roughly  the  relative  thickness,  weight,  extent  of  foun- 
lidation  and  space  occupied  with  the  various  constructions. 

(j)  If  made  of  ordinary  brick  (Fig.  377)  the  chimney  must  be 

^ned  at  least  for  part  of  its  height  with  fire  brick  so  set  as  to 

lave  perfect  freedom  to  expand  or  contract  with  temperature 


•  Engineering  Record,  Dee.  '. 
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hanges.  By  using  special  radial  brick  (Fig.  378),  composed  of 
litable  material,  and  commonly  made  perforated,  (i)  the  lining 
lay  be  omitted,  (2)  the  shell  may  be  thinner  and  of  lighter 
Tcighi,  and  (3J  the  foundation  may  be  smaller;  besides  which 
[4)  the  construction  is  better  and  (5)  can  be  more  rapidly  done 
n  with  ordinary  brick.  The  tallest  chimney  in  the  world  is  of 
Jiis  type.  It  is  located  at  Great  Falls,  Mont,,  and  is  506  feet 
ligh  with  50  feet  diameter  at  the  top. 

(k)  Many  chimneys  are  now  made  of  retnjorcfd  concrete  (Fig. 
I79),  the  steel  reinforcing  bars  being  arranged  both  circum- 
erentially  and  vertically,  the  latter  extending  into  the  founda- 
^n,  which  is  similarly  strengthened.  Such  chimneys  are  (i) 
gunner  than  the  brick,  {2)  weigh  less,  (3)  occupy  less  space, 
[4)  require  but  small  foundations,  (5)  are  free  from  joints  and 
f6)  can  be  rapidly  constructed.  The  inner  shell  may  be  either 
■  brick  or  reinforced  concrete  and  in  some  cases  is  entirely 
Rnitted. 

(I)  In  order  to  withstand  the  wind,  steel  stacks  are  either 
^yed  with  wire  or  wire  rope,  or  else  have  flared  bases  Iwlted  to 
he  foundation,  in  which  case  they  are  said  to  be  self-supporting. 
rhey  are  preferably  lined  with  brick  to  protect  the  metal  from 
jie  heat  and  corroding  action  of  the  gases.  The  lining  may 
£ther  be  self-supporting  or  else  be  constructed  in  independent 
■ctions  each  resting  on  a  bracket  extending  from  the  steel  shell. 
iuch  chimneys  are  (i)  of  light  weight,  (2)  easily  and  rapidly 
enstructed,  (3}  cost  little,  (4)  occupy  small  space  (except  when 
bred)  and  (5}  are  free  from  air  leakage  if  properly  calked, 
rhcy  must  be  painted  frequently  to  protect  the  metal  from  ihe 
eather  and  from  the  gases. 

380.  Artificial  Draft,  (a)  In  a  new  power  plant  artificial  draft 
^paratus  is  frequently  employed  as  a  substitute  for  a  tall 
llimney.  or  to  a.sfiist  a  -.hort  one,  under  the  following  conditions: 
l)  when  the  temperature  of  the  stack  gases  is  low,  as  when 
I  economizer  is  used;  {2)  when  the  rates  of  combustion  are 
gh;  {3)  when  fuels  requiring  intense  draft  are  to  be  humed; 
i)  when  certain  stokers,  like  the  underfed,  are  used;  and  (5) 
,  certain  other  cases  where  in  the  long  run  it  may  be  more  de- 
cable  or  more  economical  to  purchase,  operate  and  maintain 
apparatus  rather  than  have  a  chimney  of  large  size. 


586 


HEAT-POWER  ESGISEERISG 


W^ 


-ii-^ 


T 


REiNFORCED-CONCRETE 
CHIMNEY 
B  n.  £  leo  rt. 

Kig.  J79- 


DR-iFT   AND   DRAFT  APPARATUS 


Fig.  381.  —Forced  Draft, 
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In  an  old  plant  it  may  be  desirable  to  install  artificial  draft 

apparatus  (1)   to  assist  the  original  chimney  when  the  plant  has 

Lbeen  increased  beyond  the  capacity  of  the  natural  draft;    (2) 

when  it  is  desired  to  adopt  unusual  rates  of  combustion,  or  (3) 

1  burn  fuels  requiring  intense  draft;    (4)  when  there  may  be 

flarge  emergency  overloads  or  peak  loads  of  short  duration;  and 

(5)  when  therearelai^e 

and  sudden  changes  in 
^  demand    on    the    fur- 
laces. 
(b)    In    addition    to 
Bts  advantages  in    the 
instances   already   dis- 
artificial 
L  draft  apparatus  is   (l) 
easily  installed;    (2)  is 
transportable   and    (3) 
occupies  but  little  space;  and  (4)  it  also  permits  of  careful  adjust- 
ment of  the  air  supply,  which  makes  possible  more  perfect  condi- 
tions of  combustion.     The  regulation  of  air  can  be  automatic,  the 
xintrolling  device  being  operated  by  the  slight  changes  in  steam 
f  pressure  accompanying  the  varying  demand  on  the  boiler. 

(c)  Artificial  draft  is 
produced  cither  by  steam 
jets  or  by  power-driven 
fans,  and  when  developed 
by  the  latter  it  is  generally 
called  mechanical  draft. 

With  forced  draft  (Fig. 

381)  theash  pit  is  "closed" 

(hermetically  sealed)  and 

the  apparatus  supplies  it 

with    air   at   a    pressure 

above  atmospheric  (at  a 

"plenum  ");  with  induced 

draft  (Fig.  382)  the  appa- 

atus  draws  the  gases  from  the  boiler  outlet,  tlius  decreasing 

c  pressure  at  that  point  below  atmospheric;  and  with  balanced 

raft  these  two  systems  are  used  in  combination  in  a  manner 

which  will  be  discussed  later. 


anner  ^1 
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(d)  Fig.  383  shows  one  of  the  many  forms  of  steam  jets  used 
for  forcing  the  draft.  Somewhat  similar  devices  can  be  placed 
in  the  base  of  the  stack  {as  is  universally  done  in  locomotives) 

to  produce  induced  draft.  Such  apparatus  b 
relatively  low  in  first  cost,  but  is  ver>-  wasteful 
of  steam,  using  generally  not  less  than  5  to  8 
per  cent  of  the  total  steam  generated,  and  it 
increases  the  stack  loss  because  of  the  added 
moisture  in  the  flue  gas.  Steam  jets  are  conven- 
ient auxiliaries  for  meeting  sudden  or  abnormal 
demands  on  the  boilers,  and  the  presence  of  the 
steam  in  the  air  supporting  combustion  tends  to 

avoid  the  formation  of  clinkers.     Fig.  384  shows  a  disc  fan  which 

is  used  in  a  similar  manner. 

(e)  With  mechanical  draft,  the  fans  and  their  dri\'ing  appa- 
ratus must  be  sq  designed  as  not  to  be  affected  by  the  dust,  and 
with  induced  draft  they  must  also  l>c  suitable  for  handling  the 
hot  gases  without  injur)',  tf  entire  dependence  is  placed  on  fans 
for  pro\'iding  the  draft,  there  should  be  duplicate  (or  auxiliar>') 
apparatus  installed  to  avoid  plant  shutdowns 
from  failure  of  the  draft  apparatus.  With 
a  ver>-  short  stack  the  fan  equipment  for 
forced  draft  costs  roughly  from  20  to  30  per 
cent  as  much  as  the  equivalent  brick  chim- 
ney; while  with  induced  draft  the  cost  is 
about  double  that  for  forced  draft  as  a  larger 
fan  ("exhauster")  must  be  used  because  the 
gases  are  at  high  temperature.  But  though 
low  in  first  cost,  such  apparatus  depre 
considerable  e.\pense  for  attention  and  n 
power  from  I  i  to  5  per  cent  of  the  steam  generated. 

(f^  With/(>r(-«/  draft  the  gas  pressure  within  the  boiler  setting 
is  alx>ve  atmospheric,  hence  the  tendency  for  hot  gases  and 
flames  to  issue  through  cracks  in  the  walls  and  also  to  belch 
forth  upon  the  opening  of  the  fire  doors.  To  avoid  the  latter 
o«x'urrt'nce  the  blast  is  shut  off.  usually  automatically,  when 
the  dtxirs  are  opened.*  The  air  should  always  be  introduced 
into  the  ash  pit  in  such  manner  as  to  subject  the  fuel  bed  to 

•  S-'mf  siftimships  u^ns  fmved  drafts  have  "  ctnjcd  DrenxMns"  (stofct-boids) 
UDder  pressure,  and  in  such  ours  all  leakage  is  idio  the  interiors  of  the  settings. 
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I  Static  pressure,  or  plenum,  rather  than  to  any  localized  blast 
I  action. 

I       With  induced  draft  (either  natural  or  artificial)  the  pressure 
I  witliin  the  boiler  setting  is  below  atmospheric,  hence  there  may 
J  be  detrimental  infiltration  of  cold  air  through  cracks  in  the  set- 
ting and  through  the  fire  doors  when  opened.     With  this  system, 
however,    the   fuel    bed   burns  more  evenly,  and  demands  less 
attention  than  in  the  other,  and  it  is  not  necessary  to  shut  off 
the  draft  before  opening  fire  and  ash  doors.     Usually  a  by-pass 
flue  is  provided  (as  in  Fig,  382)  so  that  natural  draft  alone  can 
be  used  for  light  toads,  or  in  case  of  accident  to  the  apparatus. 
With  balances!  draft  the  air  is  forced  into  the  ash  pit  at  suffi- 
r  cient  pressure  to  become  just  atmospheric  upon  issuing  from  the 
F  surface  of  the  fuel  bed,  and  the  gases  are  carried  away  from  the 
^combustion  chamber  by  induced  draft   (either  natural  or  arti- 
ial)  of  such  intensity  as  not  to  cause  a  decrease  of  furnace 
sssure  below  atmospheric.     The  proper  balance  between  the 
forced  and  induced  draft  is  usually  maintained  by  some  auto- 
matic device  which  regulates  the  two  systems  simultaneously. 
Vith  balanced  draft  (i)  there  is  no  tendency  for  leakage  either 
r  from  the  furnace;   (2)  the  fire  is  not  affected  by  opening 
Jie  furnace  doors  for  adding  coal  or  "working"  the  fire;   (3)  it 
1  possible  to  bum  the  smaller  sizes  of  fuel,  which  are  otherwise 
iHrorthless,  and  which  must  be  burned  at  high  rates  of  combus- 
ion  liut  cannot  be  used  with  forced  draft  because  of  their  fine- 
;  and  (4}  very  high  rales  of  combustion  can  be  used  with- 
ilit  detriment  to  economy. 


CHAPTER  XXXIII. 

GAS  PRODUCERS  AHD  PRODUCER  GAS. 

281.  Essttituds  of  Prodnco'-giis  Apparatus.  (a)  Broadly 
speaking  any  apparatus  in  whidi  gas  is  made  is  a  **gas  producer t'* 
but  in  engineering  the  term  is  almost  exclusiN'ely  applied  to  a 
class  of  ai>paratus  producing  gas  largdy  by  a  process  of  partial 
or  incomplete  combustion.  The  gas  made  in  such  apparatus  is 
known  as  *^  producer  ^as." 

(h)  This  gas  has  long  been  used  for  the  heating  of  furnaces, 
the  melting  of  metals,  and  a  large  number  of  similar  purposes, 
but  during  the  last  tv^-enty*  years  it  has  come  into  particular 
prominence  as  a  power  gas,  that  is,  a  gas  for  use  in  internal  com- 
bustion engines.  It  happens  to  be  so  constituted  as  to  permit 
of  high  compression  in  the  engine,  thus  giving  high  thermal 
efficiencies  and.  what  is  of  greater  importance  industrially,  it  can 
be  made  at  the  pjoint  of  consumption  more  or  less  easily  and  very 
cheaply  as  compared  ^"ith  most  of  the  other  combustible  gases. 

ic^  Although  the  necessar\*  apparatus  differs  considerably  ^-ith 
the  kind  of  fuel  from  which  producer  gas  is  to  be  made  and  with 
the  purpose  for  which  the  gas  is  to  be  used,  there  are  certain 
essential  parts  which  generally  exist  in  one  form  or  another  in 
all  such  apparatus.  They  are:  •!»  The  fuel  gasifier  or  ** pro- 
ducer": -2^  some  sort  of  *'preheater  "  or  "economizer";  (3) 
cleaning  apparatus;  and  occasionally  (4^  a  gas  storage  reservoir 
of  some  kind,  large  or  small. 

The  tir>t  three  parts  are  xill  shown  in  Figs.  5  and  391  to  394. 
In  the  particular  types  of  plant  shown  in  Figs.  5  and  391,  the 
gas  storage  reservoir  is  practically  nonexistent  unless  the  pipe 
connecting  the  top  of  the  scrubber  'ik-iih  the  engine  cylinder  be 
considered  as  partly  ser\-ing  that  purpose. 

282.  Simple  The<n7  of  Producer  Action.  ia>  .\s  indicated 
above,  the  ideal  producer  makes  gas  by  what  is  known  as  par- 

'ocomplete  combustion.     In  its  simplest  conceptioa  this 
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depends  upon  the  combustion  of  carbon  to  carbon  dioxide  and 
then  the  reduction  of  this  carbon  dioxide  lo  carbon  monoxide 

)    passing  it  over  incandescent  carbon.     These  reactions  can 

E  illustrated  by  means  of  Fig,  385. 

(b)  Assume  the  vessel  there  shown  to  be 
filled  with  a  column  of  carbon,  the  lower 

lart  of  which  is  heated  to  incandescent  e 
If  air  enter  at  the  bottom  of  this  fuel  bed 

s  indicated  by  the  arrows,  its  oxygen  will 

mite  there  with  carbon  to  form  carbon 
dioxide,  according  to  the  equation  (see  Eq 
[342a)) 

C  +  03  =  C0:+  175,200  B.t.u.,  (423) 
iphich  means  that  twelve  pounds  of  carbon 
combine  with  thirty-two  pourds  of  oxygen 
to  form  44  pounds  of  carbon  dioxide  and  that   (12  X  14.600  =) 

[75.200  B.t.u.  are  liberated  per  twelve  pounds  of  carbon.. 

(c)  This  carbon  dioxide  would  then  tie  reduced  to  carbon 
monoxide  while  passing  up  through  the  incandescent  carbon 
above,  and  the  reaction  woutd  occur  according  to  the  equation 

COt  +  C  =  2C0-  67,200  B.t.u.  .  .  .  (424) 
Phis  means  that  the  44  pounds  of  carbon  dioxide  formed  in  the 
3wer  part  of  the  fuel  bed  unite  with  twelve  more  pounds  of 
arbon  which  will  result  in  the  formation  of  fifty-six  pounds  of 
arbon  monoxide  and  the  absorption  of  an  amount  of  heat  equal 
o  67.200  B.t.u.,  which  quantity  is  easily  obtained  analytically 
n  the  manner  described  in  the  next  paragraph. 

(d)  Imagine  the  process  occurring  in  two  steps;  First  assume 
^lat  the  forty-four  pounds  of  carbon  dioxide  break  up  into 
twelve  pounds  of  carbon  and  thirty-two  of  oxygen.  This  could 
[pnly  occur  with  the  absorption  of  175.200  B.t.u.,  equal  to  the 

Quantity  liberated  when  the  combination  took  place.  Then 
tnagine  the  carbon  and  oxygen  to  combine  with  an  additional 
welve  pounds  of  carbon  to  form  the  fifty-six  pounds  of  carbon 
bonoxide.     This  would  be  represented  by  (see  Eq.  (343a)) 

2C  +  0,  =  2C0+  108.000  B.t.u..  .  ,  (425) 
hich  merely  stales  that  twenty-four  pounds  of  carbon  burning 
J  carbon  monoxide  liberate  (24  X  4500  = }  108,000  B.t.u. 
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The  first  process  involved  the  absorption  of  175,200  B.t.u.  in 
breaking  up  COit  the  second  liberated  108,000  B.t.u.  in 
the  formation  of  CO,  and  the  net  result  is  the  absorption  of 
(175,200  —  108,000  =)  67,200  B.t.u.,  as  given  in  Eq.  (424).* 

(e)  The  composition  of  the  gas  formed  and  the  thermal  effi- 
ciency of  the  process  can  now  be  determined :  — 

To  produce  the  gas  according  to  Eqs.  (423)  to  (425),  thirty- 
two  pounds  of  oxygen  are  required  per  twenty-four  pounds 
of  carbon  used  and  this  oxygen  will  bring  into  the  producer 
(32  X  77/23  =)  107. 1  poundsof  nitrogen;  hence  the  163.1  pounds 
of  gas  leaving  the  producer  will  contain  this  weight  of  nitrogen 
in  mixture  with  the  fifty-six  pounds  of  carbon  monoxide  result- 
ing from  the  partial  combustion,  and  will  therefore  have  a  com- 
position of  about  34.4  per  cent  CO  and  65.6  per  cent  N  by 
weight. 

By  volume  the  composition  would  be  practically  the  same 
because  the  densities  of  CO  and  N  are  practically  identical. 

283.  Efficiency,    Simple    Producer    Action,      (a)  Had    the 

twenty-four  pounds  of  carbon  used  in  Sect.  282  (c)  been  burned 
directly  to  carbon  dioxide,  they  could  have  liberated  24  X  14,600 
=  350,000  B.t.u.  Burned  to  carbon  monoxide  they  liberated 
only  24  X  4500  =  108,000  B.t.u.     The  difference, 

350,000  —  108,000  =  242,000  B.t.u., 

must  be  the  quantity  of  heat  which  can  be  produced  by  subse- 
quently burning  the  carbon  monoxide  of  the  producer  gas  to 
carbon  dioxide.  This  corresponds  to  10,100  B.t.u.  per  pound  of 
carbon. 

(b)  If  the  thermal  efficiency  of  the  producer  be  taken  as  the 
ratio  of  the  heat  which  can  be  obtained  by  burning  the  cold  gas 
to  the  heat  which  could  have  been  obtained  by  burning  the 
original  carbon,  it  is  in  this  case 

Pf  _  Calorific  Value  of  Gas  _  242,000  _      ^        .       . 
^'^  "  Calorific  Value  of  Fuel      350,000      ^  '^'      ^"^^^ 

Looked  at  in  this  way  the  process  does  not  promise  very  well 
from  a  power-engineering  standpoint.     If  the  theoretical  pro- 

*  It  v^ill  be  shown  in  a  subsequent  paragraph  that  this  treatment  does  not  teQ 
the  whole  ston-.  but  for  a  first  aDal>'sis  it  is  accurate  enough. 
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ducer-efficiency  Is  only  6g  per  cent,  the  real  efficiency  could 
hardly  be  expected  to  be  more  than  50  to  60  per  cent,  iind,  with 
thermal  efliciencies  of  internal  combustion  engines  ranging  from 
to  30  per  cent  as  an  extreme  value,  the  overall  thermal  effi- 
['dency  of  such  a  producer  in  combination  with  an  engine  would 
be  low  indeed.  It  will  be  shown  later,  however,  that  higher 
efficiencies  are  obtainable  by  mollifying  the  process, 

(c)  The  efficiency*  given  above  is  what  is  called  the  cold  gas 
tffitriency  and  is  really  not  the  correct  efficiency  to  use  under  all 
jnditions.  For  power  purposes  the  gas  must  be  cooled  approxi- 
lately  to  room  temperature  before  it  can  be  advaritageously 
"  in  an  engine.  This  means  removing  all  of  the  sensible  heat 
iven  the  material  in  the  producer,  and  the  cold  gas  efficiency 
i  the  proper  value  to  use  under  such  circumstances. 
(dj  The  process  as  outlined  results  not  only  in  the  production 
F  163  pounds  of  gas,  which  can  liberate  242,000  B.t.u  when 
umed,  but  also  in  the  liberation  of  108,000  B.t.u.  in  the  pro- 
ucer.  In  any  real  case  part  of  this  latter  heat  will  of  course  be 
to  supply  unavoidable  radiation  and  similar  losses,  but  the 
Bt  will  raise  the  temperature  of  the  carbon  and  of  the  air  fed 
the  producer  and  of  the  gas  formed.  Hence  the  gas  would 
tually  leave  the  producer  with  a  very  high  temperature,  about 
or  more,  and,  by  cooling  it  to  room  temperature,  all  of 
je  heat  liberated  in  the  producer,  and  which  was  not  lost  by 
idiation  or  in  other  ways,  could  be  obtained. 
The  temperature  rise  resulting  from  the  liberation  of  a  cer- 
lin  number  of  B.t.u.  is  equal  to  this  number  divided  by  the 
am  of  the  products  of  weight  by  specific  heat  of  all  the  gases 
isulting  from  the  combustion.  The  higher  the  temperature  of 
le  combustible  gas  and  of  the  air  before  combustion,  the  higher 
ill  bi;  the  ultimate  temperature  attained.'  Therefore,  for  fur- 
ace  and  similar  work,  where  the  object  in  burning  the  gas  is  to 
n  high  temperature,  it  is  decidedly  advantageous  to  have 
le  apparatus  located  near  the  producer  so  that  the  sensible  heat 
not  lost  by  radiation  during  transmission. 
For  such  purposes  the  thermal  efficiency  of  the  producer  is 

*  As  the  ^ciiic  heats  of  gases  tncrritse  comparatively  rapidly  al  high  tempera- 
Ra.  tile  temperature  ultimately  attained  by  luiy  combustioD  will  be  lower  ihiui 
Bt  i^veii  by  the  [ctrm  uf  calcutulions  su^esli'd,  as  has  already  beca  shown.  The 
nor  will  he  t^reatcr  the  higher  the  tcmiwrature  attained. 
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correctly  taken  as  the  so-called  hot  gas  efficiency,  which  is  the, 
quotient  resulting  when  the  sum  of  the  total  calorific  value  and 
the  sensible  heat  of  the  gas  leaving  the  producer  is  divided  by 
the  total  calorific  value  of  the  fuel  entering.  Remembering  that 
all  heat  which  is  liberated  within  the  apparatus,  and  not  lost  by 
radiation  and  such,  must  be  present  in  the  gas  leaving,  the  "hot 
gas  efficiency  '*  must  be 

«.-  _  Total  Calorific  Value  of  Gas  4-  (Heat  Uherated  in  Producer  —  Losses)  ,  /  .^_\ 
•^*  "  Total  Calorific  Value  of  Fuel  '  ^^'^ 

and  if  all  the  losses  in  the  case  previously  considered  be  assumed 
at  20  per  cent  of  the  heat  liberated  in  the  producer,  the  hot  gas 
efficiency  for  this  case  would  be 

_..       242,000  +  (108,000  —  0.2  X  108,000) 

/ifi  = 

350,000 

=  - — — —  =  93.5  per  cent  (approximately), 
350,000      ^^^*^  ^  *'*' 

a  figure  which  is  evidently  much  more  promising  than  that  pre- 
viously obtained. 

284.  More  Advanced  Theory  of  Producer  Action,     (a)  If  the 

combustion  processes  indicated  in  the  equations  of  the  preceding 
section  really  occurred  as  there  given  it  would  be  possible  to 
pass  a  stream  of  carbon  dioxide  into  one  end  of  a  tube  containing 
hot  carbon  and  have  nothing  but  carbon  monoxide  issue  from 
the  other  end.  Elxperiment,  however,  shows  that  this  is  impos- 
sible, for,  no  matter  what  the  conditions  are,  there  will  alii^-ays  be 
a  certain  amount  of  carbon  dioxide  mixed  with  the  issuing  carbon 
monoxide. 

(b)  Experiment  further  shows  that,  other  things  being  equal, 
the  higher  the  temperature  in  the  tube  the  greater  will  be  the 
proportion  of  carbon  monoxide  in  the  gas  issuing,  and  the  lower 
the  iemfx?rature  the  greater  will  be  the  proportion  of  carbon 
dioxide. 

vc"*  This  is  explained  chemically  by  what  is  called  "  chemical 
equilibrium.*'  Briefly,  if  no  other  variables  need  be  considered, 
at  each  given  temperature,  there  are  certain  definite  proportions  of 
carbon  monoxide  and  carbon  dioxide  which  will  be  in  equilibrium 
with  carbon.     If  a  mixture  of  these  gases  in  other  proportions  is 
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brought  into  contact  with  carbon,  reactions  will  occur  and  con- 
tinue until  the  equilibrium  proportions  corresponding  to  the 
given  temperature  are  attained.* 

(d)  This  equilibrium  is  well  shown  by  the  diagram  of  Fig.  386 

which  is  plotted  from  experimental  results  obtained  with  carbon  in 

a  tube,  as  described  in  (a)  of  this  section.   In  this  figure  the  abscissas 

'  represent    temperatures 

I  in  Centigrade  and  Fah- 

,  renheit  degrees  and  ordi-     "■ 

nates  represent  per  cent 

of  CO  by  volume.     Sub-    o' 

tracting  these  ordinates  **• 

im  100  gives  the  ()er- 

tages  of  COi,  which 

evidently  shown  to    •* 

scale  by  distances  from 

the  curve  to  the  100  per 

cent  line. 


f&re 
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^^  The  curve  shows  that  for  low  temperatures  probably  a  very 
^Bmall  amount  of  carbon  monoxide  would  be  found  to  be  issuing 
^Hrom  the  tube  in  the  experiment  described  above,  while  at  high 
^■temperatures  it  shows  the  issuing  gas  to  be  composed  almost 
^ftntirely  of  carbon  monoxide. 

^f  (e)  In  giving  the  effect  of  temperature  on  the  composition  as 
deduced  from  experiment,  it  was  limited  by  the  phrase  "other 
things  being  equal."  Experiment  shows  that  the  pressure  at 
which  the  gases  exist  also  has  a  certain  effect  upon  the  compo- 
^tion.  The  higher  the  pressure- the  greater  the  percentage  of 
arbon  dioxide  in  the  equilibrium  mixture  at  any  temperature, 
variations  are,  however,  so  slight  in  producer  work  that 
fheir  effect  may  be  safely  neglected. 
(f)  The  lime  of  contact  is  also  of  great  importance.  Chemical 
actions  do  not  occur  instantaneously  {that  is.  in  time  measured 
B  infinitesimals)  and  ihe  reactions  in  question,  which  lead  to  the 
Liilibrium  conditions  plotted  in  Fig.  386,  take  a  very  appreciable 
e  for  completion.  The  higher  the  temperature  the  shorter  the 
me  necessary  for  the  attainment  of  equilibrium  conditions. 

*  Wbclher  reaction  then  cea^fs.  or  whether  counterbnlandng  reactions  whii:h 
p  not  further  change  the  proportions  o!  carbon  monoiide  9LDd  carbon  dioxide 
matier  of  indiSereiice  iur  the  present  discus^on. 
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This  is  well  shown  in  Fig.  387  which  gives  results  obtained  in 
experiments  with  carbon  in  the  form  of  charcoal.  In  the  figure 
each  curve  is  an  isothermal;  that  is,  it  shows  the  proportions  of 
carbon  monoxide  and  of  carbon  dioxide  that  will  exist  after 
gas,  which  was  originally  all  carbon  dioxide,  has  been  in  contact 
with  carbon  at  a  certain  temperature  for  different  lengths  of  time. 
As  before,  the  ordi nates 
represent  percentages  of 
CO  and  the  distances  from 
the  curve  upward  repre- 
sent percentages  of  COt. 
It  will  be  observed  that, 
while  it  takes  a  time 
period  of  from  120  to 
160  seconds  to  attain  ap- 
proximate equilibrium  at 
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Soo'C.  (as  shown  by  the  tendency  of  the  curve  to  betx}me  hori- 
zontal at  this  point),  it  requires  only  5  seconds  to  attain  equi- 
librium with  a  very  much  higher  percentage  of  CO  at  1100°  C. 

(g)  The  effects  of  both  time  and  temperature  are  well  shown  in 
Fig.  389.  in  which  the  three  coordinates  are  time,  temperature 
and  volume  per  cent,  of 
CO.  The  curves  shown 
are  those  of  Fig.  387, 
but  here  each  curve  is 
located  in  its  own  tem- 
perature plane.  A  sur- 
face can  be  imagined 
as  passed  through  these 
curves  and  the  coordi- 
nates of  any  point  in 
it  will  show  the  relative 
pcrcentages'of  CO  and  COtt  which  result  at  any  temperature 
after  any  period  of  contact. 

(h)  Unfortunately  the  surface  condition  of  the  carbon  has  an 
effect  upon  the  time  required  for  the  attainment  of  equilibrium. 
In  general  the  more  porous  the  carbon,  and  the  smaller  the 
lumps,  the  shorter  will  be  the  lime  required  to  attain  the  equi- 
librium corresponding  to  the  given  temperature.  This  is  just 
what  would  be  expected,  as  carbon  of  porous  character  and  in 
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lall  lumps  will  expose  most  surface  on  which  the  reaction  may 

The  effect  of  surface  (and  possibly  other)  conditions  is  shown 
by  a  comparison  of  Figs.  387  and  388.  The  full  lines  in  the  latter 
represents  the  results  of  experiments  made  with  carbon  in  the 
form  of  coke  in  lumps  about  the  same  size  as  those  of  the  char- 


i' 
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lal  used  in  obtaining  the  results  shown  in  Fig.  387.  The  dotted 
les  show  similar  curves  for  anthracite  under  approximately 
ce  conditions. 

The  curved  surface  shown  in  Fig.  389  is  then  only  one  of  a 
imberwhichdilTerincurvature  with  the  character  of  the  carbon, 
he  more  porous  and  the  smaller  the  lumps  the  sharper  will  be 
le  rise  of  the  curves  as  they  leave  the  temperature  axis  at  the 
ont,  and  the  sooner  will  they  become  flatter  as  they  recede. 
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(i)  The  preceding  discussion  is  purely  theoretical  and  leads 
to  the  following  conclusions:  For  best  producer  operation  (that 
is,  the  manufacture  of  gas  containing  the  maximum  amount  of 
carbon  monoxide  and  the  minimum  amount  of  carbon  dioxide 
and  nitrogen)  the  requirements  are:  — 

(i)  High  temperature  within  the  producer; 

(2)  Long  time  of  contact  between  entering  air,  gas  in  process 

of  formation,  and  hot  carbon; 

(3)  Maximum  porosity  and  minimum  size  of  fuel ; 

(4)  Theoretical  air  supply. 

285.  Practical  Limitations,  (a)  In  the  real  producer  there  are 
a  number  of  practical  considerations  which  materially  modify 
the  conclusions  just  given  for  the  theoretical  case.  For  instance, 
all  real  fuels  contain  ash  and  this  will  fuse  and  form  clinker  if 
the  temperature  becomes  high  enough.*  Such  clinker  is  very 
undesirable  because  it  obstructs  the  gas  passages  between  the 
lumps  of  fuel,  making  it  difficult  or  impossible  for  gas  to  flow 
through  certain  areas.  This  results  generally  in  more  violent 
combustion  in  the  parts  of  the  bed  which  are  still  unobstructed, 
and  this  localized  combustion  materially  augments  the  trouble 
by  raising  the  temperature  locally  and  causing  the  rapid  forma- 
tion of  more  clinker.  The  more  or  less  complete  obstruction  of 
the  gas  passages  will  ultimately  make  continued  operation  im- 
possible. Clinker  also  gives  considerable  trouble  by  fusing  to 
the  walls  of  the  producer  itself. 

Thus,  in  actual  operation,  the  fusing  temperature  of  the  ash 
sets  the  limit  to  the  temperature  allowable  in  the  producer  and 
this  temperature  varies  considerably  with  different  fuels;  but, 
with  those  adapted  to  use  in  present-day  producers,  the  tem- 
perature can  generally  be  carried  at  such  a  value  as  to  give  a 
theoretical  proportion  of  from  96  to  98  per  cent  of  CO  (with  4  to 
2  per  cent  of  CO2)  by  volume  in  the  issuing  gas. 

(b)  Caking  fuels  also  cause  trouble  in  producer  operation. 
The  coalescence  of  the  individual  lumps  decreases  the  percentage 

*  A  number  of  experimenters  are  now  operating  producers  at  what  arc  ordi- 
narily considered  exorbitantly  high  temperatures,  by  mixing  with  the  coal  some 
cheap  material,  such  as  limestone,  which  acts  on  the  ash  as  a  flux.  The  ash  is  thus 
made  ver>'  fluid  and  is  drained  off  just  as  it  is  in  the  case  of  blast  furnaces.  Sevenl 
plants  of  this  character  are  said  to  be  in  successful  operation  in  Europe  but  thQT 
have  not  yet  been  commercially  adopted  in  this  country. 
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of  voids  in  the  fuel  bed  and  thus  obstructs  the  flow  of  gas.  It 
also  assists  in  causing  "arching  "  so  that  the  lower  part  of  the 
fuel  column  may  burn  to  ash  and  drop  down  while  the  upper 
part  remains  suspended  above.  Constant  or  intermittent  stir- 
ring nf  the  fuel  bed  (often  combined  with  the  maintenance  of  a 
fairly  low  temperature)  are  necessary  with  such  fuels,  although 
both  stirring  and  low  temperature  have  a  detrimental  effect  upon 
the  gas  made.  Stirring  is  often  improperly  done,  and  opens  up 
fairly  large  free  passages  through  the  bed,  thus  allowing  COt 
and  even  air  to  pass  through  without  coming  into  intimate 
contact  with  hot  carbon. 

(c)  The  theoretical  requirement  of  long  time  of  contact  is  more 
or  less  a  relative  consideration,  as  previously  indicated;  and  the 
length  of  time  needed  was  seen  to  depend  both  upon  the  tempera- 
ture and  upon  the  physical  character  of  the  fuel. 

Remembering  that  a  producer  operates  with  a  continuous  flow 
of  gas  through  the  fuel  bed,  the  time  of  contact  between  gas  and 
carbon  must  be  measured  in  the  actual  case  by  the  length  of 
time  it  takes  a  given  particle  of  gas  to  pass  through  the  fuel  bed, 
and  hence  depends  on  the  velocity  of  the  gas  passing  through 
the  producer  and  the  length  of  the  passage  through  the  bed  of 
fuel. 

There  is  a  practical  limit  to  the  allowable  depth  of  fuel  bed  with 
any  given  fuel,  in  any  given  size,  with  any  given  type  of  pro- 
ducer. This  limit  is  set  by  the  difference  of  pressure  necessary 
to  cause  flow  through  the  bed.  The  length  of  the  gas  path 
through  the  producer  being  thus  limited,  the  time  of  contact 
varies  with  the  velocity  which,  in  turn,  depends  on  the  diameter 
of  the  fuel  bed.  I-arge  diameters  will  correspond  to  low  veloci- 
ties and  long  times  of  contact;  small  diameters  will  correspond 
to  high  velocities  and  short  times  of  contact, 

(d)  This  consideration  would  indicate  a  large  diameter  of 
prodticer  to  be  desirable  in  every  case,  but  there  are  two  practical 
limitations  whicJi  must  be  recognized;  (i)  The  cost  of  the  in- 
stallation will  increase  as  the  size  of  the  apparatus  required  per 
horse  power  increases;  and  (2)  there  will  be  difficulty  in  operat- 
ing the  producer  under  light  loads,  for  when  a  producer  which 
is  of  such  diameter  as  to  have  a  low  gas  velocity  at  full  load  is 
operated  at  a  small  traction  of  that  load,  the  small  amount  of  air 
passing  through  may  not  be  sufficient  to  keep  the  temperature 
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of  the  Urge  bed  of  fud  up  to  that  necessary  for  the  formation 
of  a  high  percentage  of  carbon  monoxide. 

The  diameter  of  any  gi\^en  producer  must  therefore  be  a  com- 
promise between  the  large  \-alue  desirable  at  full  load  and  the 
smaller  value  which  is  desirable  at  light  load  and  which  involves 
less  expenditure  for  equipment. 

e  Practice  has  shown  that  certain  proportions  are  advisable 
with  certain  t\-pes  of  producers  and  certain  kinds  of  fuel.  In 
general  it  may  be  said  that  producers  are  built  of  such  diameters 
that  the  amount  of  fuel  gasified  when  canying  rated  load  is 
from  lo  or  12  pounds  per  square  foot  of  cross  section  of  fuel  bed 
per  hour  in  the  simpler  t>-pes.  up  to  30  to  40  pounds  per  square 
foi3t  per  hour  in  the  more  complicated  t>-pes  of  producers  oper- 
ating on  particularly  suitable  fuels.  The  o\'erload  capacity  is 
determined  by  the  blast  pressure  aN-ailable.  by  the  clinkering 
temperature  of  the  ash  and  the  fusing  or  fluxing  temperature  of 
the  producer  lining. 

f  In  the  purchase  of  fuel,  porosity  can  hardly  be  consideied 
except  in  a  general  way,  it  b^ng  merely  incidental  to  other  con- 
siderations. The  size  of  lumps  can.  howcN-er.  be  takcrn  into 
aco'unt  b«>th  as  to  effect  on  the  operation  of  the  producer  and 
on  :he  price,  the  smaller  sizes  generally  costing  less  than  the 
iar^r.  The  smaller  the  size  of  the  fuel,  with  a  gi\-en  depth  of 
column,  the  greater  the  difference  of  pressure  required  to  pass 
the  neo?ssar\-  volume  oi  g;is  through  the  producer;  and  "wixb  a 
dven  maximum  blast  pressure,  the  lower  is  the  capacity  of  a 
pn>iucer.  if  the  same  depth  of  column  is  maintained.  Given 
a  cer:^in  difference  ot  pressure  it  is  of  course  possible,  by  de- 
creasing the  length  oi  path  through  that  bed.  to  make  any  gi\"en 
'^uar.'.ity  'M  air  enter  the  bed  per  square  foot  of  section  in  a  ^I\"en 
•.imv:  ":>:::  this  detrimentally  shortens  the  time  of  contact  or 
else  n«ro.-ss::att-s  an  increase  of  diameter  in  order  to  reduce  the 
\V.  >:::>  v  :*  r.  .w  to  a  satisfactory-  value. 

Fur:hrrr:v  -re,  with  ver>-  small  sizes  the  necessar>-  A-elocity  in  a 
rr  -iurvr  •  :  a  ^*ven  diameter  may  Ix?  so  great  that  parts  of  the 
fuv*.  w :'.'.  be  pickt-d  up  by  :he  gas  and  be  carried  out  of  the 
rr  -ijrer.  This  -xvurs  :<»  a  greater  or  less  extent  with  e\^erv 
rr  -1  :::r  :r.  actual  "ix-ration.  Finely  di\"ided  ash  or  a  certain 
am  ur.:  :'  hnely  divided  or  p».^wdered  fuel  is  practically  a!wa\^ 
carried  out  by  the  issuing  gas. 
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The  larger  the  size  of  fue!  the  greater  are  the  voids,  hence  the 
passages  through  the  fuel  bed  are  of  greater  cross  section  and 
the  allowable  velocity  and  blast  pressure  are  less,  but  smaller 
surfaces  are  exposed  for  reaction. 

(g)  There  are  thus  practical  limits  to  the  largest  and  smallest 
sizes  of  fuel  which  can  be  satisfactorily  used  in  any  given  case. 
Sizes  commonly  used  vary  from  about  eight  inches  in  diameter 
to  pea  anthracite.  The  larger  sizes  are  generally  mixed  with 
smaller  ones  to  decrease  the  passage  areas  in  the  fuel  bed,  while 
the  smaller  sizes  very  often  have  the  finer  particles  screened  out 
to  increase  the  free  areas. 

(h)  Lastly,  practically  no  producer  can  be  operated  with  the 
I   theoretical  air  supply.     In  order  to  supply  the  amount  of  oxygen 
L  necessary  to  produce  the  required  quantity  of  CO  (and  the  CO3 
which  must  necessarily  accompany  it),  air  in  excess  of  the  the- 
oretical requirement  must  be  passed  through  the  producer.     In 
general  the  smaller  the  size  of  fuel  and  the  lower  the  velocity, 
the  smaller  need  this  excess  be,  but  it  can  never  be  entirely 
,  eliminated,     .^s  a  result,  producer  gas  practically  always  con- 
I  tains  more  or  less  free  oxygen  and  consequently  an  e.xcessive 
fc.fimount  of  nitrogen.     The  typical  analyses  of  producer  gases  in 
table  XXV  show  this. 

Artificial  Cooling  of  Producers  (General),     (a)  In  con- 
[iridering  the  difference  between  cold  gas  and  hot  gas  efficiencies, 
t  was  shown  that  a  large  amount  of  heal  in  excess  of  that  re-^ 
Ejuircd  to  supply  radiation  and  similar  losses  must  be  liberated 
irithin  a  producer  by  the  very  process  to  which  the  formation 
of  producer  gas  is  due.     In  actual  producers  using  any  of  the 
ordinary  fuels,  the  excess  heat  would  quickly  raise  the  temper- 
pture   to  a  prohibitively  high  value.      Clinker  troubles  would 
ssumc  such  magnitudes  as  to  entirely  prevent  successful  oper- 
ation and  in  many  cases  there  would  even  be  danger  of  fusing 
pthe  refractory  lining  of  the  producer  shell. 

(b)  To  prevent  such  difficulties  producer  operation  is  modi- 
fied in  several  different  ways  by  introducing  some  heat  absorb- 
ing process  to  lower  the  operating  temperature.  Part  of  the 
excess  heat  is  absorbed  naturally  to  a  certain  extent  with  all 
real  fuels,  for  they  contain  hydrocarbons  and  water  which  are 
mmporized  (and  to  a  certain  extent  modified  chemically)  at  the 
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temperatures  attained:    but  it  is  only  with  exceptionally  wet 
fuels,  such  as  poorly  dried  peat,  that  enough  heat  is  absorbed  in 
this  manner  to  make  operation  practical.     The  reduction  of  tem- 
perature due  to  the  presence  of  COt,  nitrogen  and  moisture  in 
the  air  (from  the  atmosphere)  is  also  slight.     Hence  in  actual 
operation  it  is  necessary  to  have  some  artificial  means  of  cooling, 
(c)  Two  methods  of  artificially  controlling  the  temperature  are 
se.     They  may  be  called 
The  "Carbon  Monoxide"  Method,  in  which  burned  pro- 
I  ducer  gas  is  returned  to  the  producer  in  mixture  with  the  air 
I  supply,  and  absorbs  heat  largely  by  the  reduction  of  contained 
\  COt  to  CO;  and 

The  Water  Vapor  Method,  in  which  water  vapor  is  mixed 
[  with  the  air  supply  and  absorbs  heat  by  reduction  in  contact 
l^wilh  hot  carbon. 

The  details  of  these  two  methods  are  considered  in  the  follow- 
ins;  sections. 

287.  The  "  Carbon  Monoxide  "  Method  of  Temperature  Con- 
rol.  (a)  Burned  producer  gas  may  be  roughly  said  to  consist 
fof  carbon  dioxide  and  water  vapor,  mixed  with  nitrogen.  Re- 
turning such  material  to  the  producer  will  effect  cooling  in  two 
distinct  ways:  (1)  The  carbon  dioxide  passing  over  heated  car- 
bon will  be  more  or  less  completely  reduced  to  carbon  monoxide; 
and  (2)  the  water  vapor  in  contact  with  hot  carbon  will  be 
more  or  less  completely  broken  up  to  form  hydrogen,  carbon 
monoxide  and  carbon  dioxide. 

(b)  Under  ordinary  circumstances  the  first  way  will  be  the 
(nly  one  of  appreciable  magnitude  because  of  the  small  amount 
[  water  vapor  generally  present  when  this  method  of  cooling 
S  used.  The  quantity  of  carbon  dioxide  which  must  be  returned 
I  order  lo  maintain  a  given  temperature  in  a  theoretical  case 
an  be  approximately  determined  if  the  amount  of  carbon  dioxide 
ind  carbon  monoxide  which  will  be  in  equilibrium  at  that  tem- 
wrature  and  the  amount  of  heat  which  must  be  absorbed  to 
lainlain  the  desired  temperature  are  known.  Knowing  the 
amount  of  heat  (see  Eq.  424)  which  is  absorbed  for  each  unit 
weight  of  carbon  present  in  carbon  dioxide  when  the  latter  is 
reduced  to  monoxide,  it  is  possible  to  determine  how  much 
Brbon  dioxide  will  have  to  be  reduced  and  how  much  carbon 
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monoxide  will  result.  It  is  then  only  necessary  to  find  the 
amount  of  carbon  dioxide  which  will  be  in  equilibrium  with  this 
CO,  to  add  this  amount  to  that  used  in  forming  the  monoxide, 
and  the  result  is  the  total  quantity  of  carbon  diojdde  which 
must  be  thus  returned. 

yc^  It  is  interesting  to  note  that  nearly  all  carbon  returned  in 
the  form  of  carbon  dioxide  is  used  repeatedly,  being  reduced  to 
carbon  monoxide  in  the  producer,  burned  to  dioxide  in  the  ap- 
paratus utilizing  the  gas,  and  returned  to  the  producer  again 
for  reduction,  and  so  on.  Hence  the  carbon  furnished  by  the 
fuel  will  be  less  than  the  total  carbon  in  the  issuing  gas  by  just 
the  amount  which  is  thus  used  over  and  ox'er  again.  It  should, 
however,  be  noted,  that  there  is  a  natural  limit  to  the  amount 
that  can  thus  be  used.  The  carbon  dioxide  can  be  reduced  to  car- 
bon monoxide  only  with  the  absorption  of  heat  and  this  heat  can 
come  only  from  fuel  carbon  burned  in  the  producer.  The  method 
is  then  simply  one  which  results  in  the  entrapping  in  a\'ailabie 
form  oi  sc>me  of  the  heat  which  would  other^Tse  be  wasted. 
The  actual  amount  of  carbon  which  can  thus  be  used  repeatedly 

.,A  in  anv  given  case  is  f  om- 

s,, .-  >i.,^  a-i^..i-.,;^-^s  paraiivelv  small  and  the 

■^"'■^     A\  v.-   ^'  principal    advantage    of 

1     :1  j  I    ^^  vs*^-?!  ^^^    process    lies    in   the 

'       \  j  I    _•     ^*<  j    ^  temperature  control  and 

r-/'Si  i  r  -I'fT^-   .i   -i  uniform    composiiion    ot 

i  \  ^          i   -  cas   see -d   btlow   rather 

.  :  J '     J          1  than  in  the  5a\^n^  of  fuel, 

i  *-  ^      - !        ,  *-  =  The  o:x ration  of  artf- 

-«-.  ....       .    ^  .V-.  ..„    .     ..  a«»*«ac  ncialiv  cxx>led   r»raductrs 


^  is    shown    diacramrr:.*::- 

ca*4y  in  ri*;.  ^^'-^  -"  -^ 
c  r .  7 . 1 ' :  >  '  •:  w : :  h  :  h  v  u  n  c  ^  - 1  e^.i  r:<. :  :i- .^  i  . » f  ope  ra  t  io  n  s  h  •.•'wr.  :r. 
?  \:  ;  .* '  :  Thi-  'a  a*,  ir.  which  n  -re  he.i:  is  made  avail  a:'.-:  ^: 
: h .  .  \ - '-  ■  >v     :  \\  h  j.  :  -a    S.  :   ■ :  "i  o r-A  i  sc-  :<■  !  rr :  is  wel I  s ho w r.  r  -.  : he 
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^::u:-:^-  --  ::.  :  TV.r.,ir..\  :<  \  .irx-i  w::n  :ne  ojnipos:::on  •::  ine 
::.•-'.  -A  IS  :"vr.:i  -.-:-:  ir.  S.,::.  rir  h  .  \\~hen  cas  is  nade  ir.  a  pp> 
d  - cx.  r  r».  r. :  r  ! '.  -:- :  '  *.  •;  h  v  ■: a  r r-  ::  r.\  r. :  xi  i e  met  hoii  i :  s  or^ n: p^r^si- 
^on  is  ren:arkailv  ur.if.rr::  rrvr::  '.i^h:  l:\ids  to  full  loavis.  her 
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the  time  of  ignition  can  remain  fixed  witiiout  danger  of  large 
variations  in  thermal  efficiency.  This  must  be  considered  an 
adv-antage  possessed  by  this  process  in  comparison  with  that 
considered  below-. 

288.  The  Water  Vapor  Method  of  Temperature  Control,  (a) 
Experiment  shows  that  when  steam  is  passed  over  incandescent 
carbon  a  certain  amount  of  hydrogen  Is  released,  that  tlie  oxygen 
previously  combined  with  it  unites  with  some  of  the  carbon  to 
form  carbon  monoxide  and  carbon  dioxide.*  and  that  some  of 
the  steam  will  still  remain  unclianged  regardless  of  the  tempera- 
lure  attained  and  of  the  amount  of  carbon  present.  It  is  again 
case  of  chemical  equilibrium  similar  to  that  considered  in 
Sect.  284  and  the  resultant  composition  will  depend  largely  on 
the  temperature. 

No  matter  what  the  temperature  is,  a  certain  amount  of  heat 
will  be  absorbed  in  the  process  of  decomposing  the  water  and 
this  is  always  greater  than  that  liberated  by  the  combination  of 
liberated  oxygen  with  carbon  to  form  either  CO  or  CO2.  Hence, 
the  process,  when  used  in  a  producer,  must  result  in  lowering  the 
producer  temperature,  and  by  properly  proportioning  the  amount 
f  steam  per  pound  of  air  the  temperature  can  be  directly  con- 
rolled. 

(b)  The  gas  made  by  this  process  will  contain  hydrogen,  and 
small  amount  of  methane  as  well  as  carbon  monoxide,  as  a  com- 
ustible  constituent;  and  since  all  of  the  hydrogen  and  some 
f  the  carbon  monoxide  were  formed  in  such  a  way  as  not  to 
eccssitate  the  introduction  of  nitrogen,  there  will  be  a  smaller 
ercentage  of  nitrogen  in  the  resulting  gas  than  when  made  by 
ither  of  the  processes  previously  described.  The  gas  may,  in 
let,  be  considered  as  made  by  the  theoretical  process  outlined 
I  Sect.  282,  with  an  admixture  of  hydrogen,  carbon  monoxide 
nd  a  small  amount  of  carbon  dioxide,  all  resulting  from  the 
ction  of  the  steam. 

(c)  As  a  result  of  the  presence  of  the  hydrogen  and  of  carbon 
lonoxide  not  accompanied  by  its  proportion  of  nitrogen,  the 
alorific  value  of  gas  made  by  this  process  is  higher  than  that 
tade  by  those  previously  described. 

(d)  One  of  the  disadvantages  of  this  process  is  that  the  com- 

*  A  small  amount  «l  niethaiie.  CH|.  is  also  Tound  in  oU  cases. 
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position  of  the  gas  is  very  changeable,  the  hydrogen  oontent 
increasing  from  a  very  small  amount  at  light  loads  to  very  large 
ones  at  heavy  loads.  This  necessitates  a  constant  shifting  of 
the  tim6  of  ignition  if  a  uniformly  high  thermal  efficiency  is 
to  be  obtained,  —  the  ignition  occurring  earliest  with  minimum 
hydrogen  content.  Such  constant  shifting  with  rapidly. varying 
load  is,  however,  not  practicably  attainable,  hence  the  engine  is 
apt  to  of)erate  at  widely  varying  efficiencies,  and,  in  extreme 
cases,  may  not  even  of)erate  satisfactorily. 

(e)  There  are  also  many  methods  of  applying  this  process 
which  give  poor  results  because  of  the  method  rather  than  the 
intrinsic  nature  of  the  process.  Any  method  of  controlling  the 
steam  supply  which  depends  only  on  the  instantaneous  load  on 
the  engine  must  cause  unsatisfactory  operation  in  the  following 
way:  During  a  period  of  very  light  load  the  fuel  bed  has  a  ten- 
dency to  cool  down  and  if  continued  for  any  great  length  of  time 
the  temf)erature  drop  will  be  serious.  Imagine  full  load  to  be 
demanded  suddenly  after  such  a  period.  The  fuel  bed  tempera- 
ture is  hardly  high  enough  to  make  the  necessary  quantity  of 
monoxide,  and  if  the  producer  is  fitted  with  a  device  which  will 
immediately  throw  on  full  steam  supply  with  demand  for  full 
load,  the  fuel  bed  will  be  still  further  cooled  by  the  deluge  of 
water  vapor.  Many  failures  of  otherwise  successful  producers 
have  been  due  to  just  such  actions. 

Forms  of  steam  control  which  depend  upon  the  temperature 
of  the  gas  issuing  from  the  producer,  or  the  equivalent  of  this, 
seem  to  give  better  results. 

(f)  The  fact  that  water  must  be  vaporized  before  it  can  be 
mixed  with  the  entering  air  is  often  taken  advantage  of  to  con- 
serve some  of  the  sensible  heat  in  the  gas  leaving  the  producer. 
An  apparatus  variously  known  as  a  vaporizer,  an  economizer,  or 
by  several  other  names,  is  so  arranged  that  these  gases,  while 
passing  through  or  around  it,  heat  and  vaporize  water  contained 
within  it.  Somewhat  similar  dexices  also  called  economizers, 
or,  more  correctly,  preheaters,  are  often  arranged  to  preheat  the 
air  on  its  way  to  the  producer  so  that  it  may  pick  up  more  water 
vapor  and  also  return  to  the  producer  some  of  the  heat  that 
would  other\vise  be  wasted. 

The  up{XT  part  or  cover  of  the  producer  shown  in  Fig.  5  forms 
a  \'aponzer,  the  vapor  being  picked  up  by  the  air  supply  as  it 
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»  over  the  surface  of  the  water.     A  somewhat  similar  de- 
shown  in  Fig.  393.     Other  forms,  better  known  as  econo- 
lizers,  are  shown  in  Figs,  391    and  392. 

Effects  of  Hydrocarbons  in  Fuels,  (a)  The  behavior  of 
al  fuels  in  producers  and  the  composition  of  the  resulting 
■s  arc  much  modified  by  the  presence  of  volatile  hydrocarbons, 
I  are  distilled  ofT  within  a  producer  and  are  very  much 
podihed  by  the  high  temperature  of  the  heated  fuel  and  refrac- 
tory material  before  finally  issuing  with  the  gas. 

(b)  The  tendency  of  all  such  mixtures  of  hydrocarbons  when 
tcated  is  to  undergo  changes,   yielding  carbon,  hydrogen  and 

hydrocarbons,  some  of  which  arc  more  volatile  than   the 

rials  and  others  less  volatile.     If  heating  Is  continued  long 

gh  and  at  a  sufficiently  high  temperature  the  ultimate  prod- 

s  are  practically  hydrogen,  methane  and  carbon  (lampblack). 

The  hydrogen  and  more  volatile  hydrocarbons,  such  as  methane, 

orm  desirable  constituents  of  the  producer  gas  *  and  the  carbon 

I  be  gasified  if  it  remains  in  the  producer,  or  it  is  compara- 

y  easily  separated  if  it  passes  out  with  the  issuing  gas.    The 

s  volatile  hydrocarbons,  however,  if  allowed  to  issue  with  the 

[as,  will  subsequently  condense,  giving  a  thick,  viscous,  or  semi- 

iolid  material  known  either  as  tar  or  pitch,  depending  upon  its 

sition   and  consistency.     Such  material  is  apt   to  cause 

•pipe  stoppages,  to  clog  the  gas  cleaning  apparatus,  the  engine 

^valves  and  such. 

(c)  With  anthracite  fuels  the  amount  of  tar  formed  is  com- 
paratively small  and  gives  little  trouble  as  it  is  easily  separated 
from  the  gas.  Bituminous  fuels,  on  the  other  hand,  yield  large 
quantities  of  tar  if  used  in  producers  of  the  simpler  kinds. 
Such  tar  must  be  separated  from  the  gas  if  the  latter  is  to  be 
transported  any  distance  from  the  producer,  or  is  to  be  used  in 
internal  combustion  engines  or  in  any  apparatus  requiring  it  to 
flow  through  small  orifices.  This  elimination  not  only  entails 
the  use  of  more  or  less  costly  apparatus,  which  generally  con- 
sumes power,  but  also  results  in  lowered  thermal  efficiency,  as 

*  This  atatemcnt  is  inic  as  far  as  definite  knowledge  goes  at  present,  but  it 
se«ms  probable  thai  under  certain  conditinns  some  of  the  products  may  provf 
undesirable  because  of  chemical  instability  leading  to  spontaneous  Ignition 
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the  calorilic  \'alue  of  the  separated  tar  represents,  in  many  cases, 
a  considerable  portion  of  that  of  the  original  fuel. 

(d^  The  most  successful  method  of  elimination  so  far  produced 
depends  upon  the  destruction  of  the  tar  K-ithin  the  producer. 
This  is  accomplished  by  passing  the  tar  forming  \'apors  (dis- 
tilled off  the  freshly  chained  fuel)  through  an  incandescent 
fuel  bed  before  lea\ing  the  producer.  Tlie  process  taking  place 
is  called  cratking  and  results  in  the  formation  of  h>~dn]gen, 
methane,  small  quantities  of  other  \'er>-  \xilatile  hydrocarbons 
and  solid  carbon.     Tlie  solid  carbon  lately  remains  within  the 


Hg -J 


producer  bed  and  is  sub^«i]uently  gasified,  while  the  h>~dn^n 
and  other  products  of  the  cracked  hydrocarbcwis  pass  off  with 
the  gas. 

e  Thi?  proces?  can  be  carried  on  in  an  ordinary-  up  draft 
produiCT  operating  much  like  that  of  Fig.  ytt.  but  modified  so 
that,  whilt  the  ga?  to  bo  u<«l  i:?  drawn  off  from  the  top  of  the 
main  fuel  culumn.  the  volatiles  distilled  off  from  ihe  top  of  the 
freshl>-  chargtxl  fuel  in  the  extended  hopper  are  piped  around 
and  intrtxiuced  with  the  air  entering  at  ihe  bottom.  This 
methixi  has  not  met  with  great  commercial  success,  although 
it  i?  used  to  ?ome  extent  in  Europe  for  large  instaJlation?. 

fi  Another  and  a  \er>-  successful  method  is  to  reverse  the 
direction  of  ffow  of  gas  through  the  producer,  introducing  aii 
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and  fuel  at  the  top  and  removing  gas  at  the  bottom.  This  gms 
what  is  known  as  a  down  draft  producer,  one  example  of  whidi 
is  shown  in  Fig.  392.  In  this  particular  type,  a  bed  of  coke  is 
ignited  upon  the  brick  arch  which  forms  the  grate,  and  the  tAtn- 
minouj  coal  is  fired  upon  this  from  abo\'e. 

(g)  Few  of  the  down  draft  producers  so  far  constructed  haw 
permitted  of  continuous  operation  because  of  the  difficulty  d 
removing  the  ash  and  clinkers  without  shutting  down  the  pro- 
ducer. They  are,  therefore,  generally  operated  intermit  tea  tl>-, 
say  for  a  week,  after  which  they  are  cleaned  out  and  restarted. 
The  type  shown  in  Fig.  393.  which  is  knomii  as  a  water  bottom 


Fn;.  3QJ,  —  Down  Draft  Producer,  Ccmtinuously  Opented.     (.\kciluiid  T>pe.) 

producer  (see  next  section),  overcomes  this  difBculty  and  per- 
mits of  continuous  operation. 

(hi  To  circumvent  the  dillicultieii  met  in  attempting  to  gas- 
ify bituminous  and   similar   fuels   in    up  draft   producers,  the 
so-called  double  zone  type  of  producer  is  also  used.      One  exam- 
ple of   this  type  is  shown   in   Fig.  394.     This  producer  may 
be  regarded  as  a  down  draft  producer  superimposed  upon  one 
of  the  up  draft  kind.     Air  enters  both  top  and  bottom  and 
gas  is  drawn  off   near  the  middle  of  height.     The  only  draw- 
back is  the  necessity  of  carefully  watching  operations  so  that 
llie  upper  incandescent  zone  may  remain  extensiA-e  enough  to 
xessfully  crack  the  hydrocarbons  and  so  that  the  combus- 
n  below  the  "gas  offtake  "  may  occur  at  just  the  proper  rate 
completely  gasify  all  the  coked  material  coming  down  from 
bove. 
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Fig  355 


290.   Water  BoRom  and  Grate  Bottom  Producers,     (a)  No 

matter  what  the  type  of  producer,  the  column  of  fuel  must  be 
supported  in  some  way.  Producers  are  divided  roughly  into 
two  types  depending  upon  the  way  in  which  the  fuel  bed  is 
supported.  Producers  arranged  like  those  in  Figs.  393  and  394, 
Trn.i.iiiniM.i.iniiii.  '"  which  the  bed  of  fuel  is 

ytHJC'^uJ^Jr"*"         supported  on  a  pile  of  its  own 
r'lJ^wLita    ^^'  resting  in  a  saucer  shaped 
^."Sdt'SSl?       depression  filled  with  water, 
_l~-T-">i«   are  called  water  bottom  pro- 
I  ^^^ISST"   ducers.     The  shell  of  the  pro- 
ducer must  dip  into  the  water 
b>    a   sufficient    amount    to 
prevent    the   passage  of  air 
^  _      mto    the    producer,    or    the 
;    ''    escape  of  gas  out  of  the  pro- 
;L       ducer,  under  the  action  of  the 
greatest  difference  of  pressure 
which  will  ever  occur  during 
operation. 

Pnxlucerfi  of  this  kind  possess  the  great  advantage  of  permit- 
ting the  convenient  withdrawal  of  ash  at  any  time  during  opera- 
tion. They  also  dispense  with  almost  all  of  the  metal  work 
found  in  other  types  at  the  bottom  of  the  fuel  column  where  the 
temperature  is  apt  to  become  dangerously  high  if  attendants 
are  careless  and  where  the  rough  work 
and  sharp  ash  and  clinker  cause  rapid 
depreciation. 

(b)  Producers  in  which  the  column 
of  fuel  is  not  supported  by  ashes  in  a 
water  sealed  saucer  may  be  roughly 
grouped  under  the  head  of  grate  bottom 
producers.  Examples  are  .shown  in 
Figs.  391,  392,  395  and  396.  The  grates  may  be  of  any  degree 
of  complexity  fr6m  the  simple  grid  of  cast  iron  bars  or  of  plain 
iron  pipes,  or  the  arck  of  fire  brick  shown  in  Fig.  392,  to  the  most 
complicated  of  mechanical  grates,  such  as  the  rotating  and  scrap- 
ing devices  shown  in  Figs.  395  and  396,  or  a  rocking  grate  much 
like  that  used  under  steam  boilers,  as  shown  in  Fig.  391. 

(c)  Mechanical   grates,   operated  continuously  by   power  in 
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E  sizes  and  intermittently  by  hand  in  small  ones,  are  decidedly 
intageous.  They  make  possible  the  easy  working  down  of 
and  clinker,  which  in  other  cases  would  have  to  be  barred 
own  by  poking  from  above,  from  the  sides  and  through  the 
Dttom.  When  continuously  in  motion  they  tend  to  maintain 
liform  conditions  within  the  producer,  shaking  the  fuel  column 
ifficiently  to  keep  it  open,  to  work  down  ash  and  to  break  up 
inker. 

Combined  with  a  depth  of  ash  sufficient  to  seal  against  leak- 
ge  in  or  out,  or  with  a  water  bottom,  they  afford  ideal  operating 
inditions. 

291.  Induced  Draft  and  Forced  Draft,  (a)  In  developing  the 
heory  of  ihe  prtxlucer  it  was  assumed  that  air  could  be  made 
o  enter  and  the  resultant  gas  to  leave.  This  flow  can  only  be 
iroduced  liy  maintaining  a  difference  of  pressure  between  inlet 
nd  outlet  orifices.  Two  distinct  methods  are  used  for  creating 
low  in  this  way.  In  one  the  pressure  on  the  entering  side  is 
aiseH  above  that  of  the  atmosphere;  that  is.  air  is  pumped  into 
he  producer.  Such  producers,  which  are  operated  under  what 
orresponds  to  forced  draft  in  boiler  practice,  are  called  pressure 
woducers.     The  pressure  of  air  and  gas  within  the  producer  is 

^ater  than  the  atmospheric  pressure  outside  of  ihe  producer 
hell  by  the  amount  necessary  to  cause  How  through  the  pro- 
lucer  and  all  subsetiuent  apparatus.     One  great  disadvantage 

such  types  is  the  fact  that  a  leak  anywhere  in  the  apparatus 
isults  in  Ihe  outflow  of  poisonous  producer  gas.  Opening  of 
loke  holes  for  inspection  of  the  fire  or  for  stirring  up  the  bed 
rill  result  similarly.  For  such  reasons  pressure  producers  must 
Jways  be  operated  in  well  ventilated  structures,  preferably  with- 
Ut  side  walls  where  climatic  conditions  permit, 

Air  is  generally  pumped  into  such  producers  by  a  steam  jet 
tower  similar  to  that  shown  in  Fig.  395.  With  proper  propor- 
jons  the  amount  of  steam  can  be  regulated  so  as  to  just  equal 
bat  required  for  cooling  the  producer  by  decomposing  in  con- 
ict  with  the  hot  carbon.  In  genera!  this  steam  must  be  under 
5  high  a  pressure  that  a  separate  boiler  is  necessary  for  its  gen- 
:ation.  but  in  large  plants  this  is  not  a  great  disadvantage.  In 
e  types  ihe  steam  is  generated  in  a  vertical  water  tube  boiler 
'hich  receives  the  hot  gas  coming  from  the  producer.     In  this 
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wa>'  part  of  the  sensible  heat  in  the  gas  is  returned  to  the  fud 
column. 

Any  other  form  of  air  pump  can  be  used;  a  very  conunon 
one  is  that  shown  at  the  right  in  Fig.  394.  As  shown  it  is  used 
as  an  exhauster,  but  an  exactly  similar  de\'ice  can  be  used  as 
a  blower,  the  only  difference  being  in  its  location  and  method  of 
connection. 

{b)  The  other  method  of  operation  referred  to  abo\'e  causes 
flow  through  the  producer  and  subsequent  apparatus  by  lower- 
ing the  pressure  at  the  outlet  to  a  value  below  that  of  the  sur- 
rounding atmosphere.  Atmospheric  pressure  at  the  inlet  is  then 
suthcient  to  cause  flow.  Such  producers,  operated  under  condi- 
tions ci>rres|x^nding  to  induced  draft  in  boiler  practice,  are  known 
either  as  induced  draft  producers  or  as  suction  producers^  depend- 
ing U|x>n  the  apparatus  used  for  reducing  the  pressure. 

Wlien  an  exhauster  like  that  in  Fig.  394,  or  any  similar  appa- 
ratus, is  used  the  producer  is  called  an  induced  draft  apparatus; 
when  a  gas  engine  operated  by  the  producer  draws  its  o^n 
charjje  through  the  s\-stem  by  lowering  the  pressure  during  each 
suction  stR>ke  as  shown  in  Fig.  391,  the  apparatus  is  called  a 
suction  pnxlucor. 

v^c^  One  griMi  advantage  of  all  induced  or  suction  draft  sys- 
tems is  that  any  leak  always  results  in  the  flow  of  air  into  the 
apjviratus  rather  than  i^scajv  of  gas  out  of  the  apparatus.  Such 
air  may.  in  extreme  cases,  furnish  oxygen  suflicient  to  bum  an 
apprvviable  quantity  of  the  gas  within  the  apparatus,  as  for  in- 
sMiKV  in  case  the  leak  is  immediately  above  the  fud  bed  in  the 
prvxhuxT  w  here  the  gases  siill  ha\  e  a  high  enough  temperature  to 
ij:!\':e.  and  this  would  result  in  a  diminished  output  of  power  gas, 
bi::  vVuKi  not  ORlinarily  endanger  human  life.  A  leak  at  a  point 
K  \  v^r.J.  :he  prvxiucer  would  rvsuh  in  the  mixture  of  air  and  coH  c^ 
whiv*::  could  !x"  cr.:irt^ly  cx^unterKilanoxxl  by  the  admission  of  It-ss 
A'.r  tv^  :hc  apiviratus  in  which  the  gas  is  subsequently  burr.ei. 
H.^wcNcr.  >;;oh  :v.*x:ures  of  a:r  and  iras  within  the  appintui 
rt:^:cs<:::  .i  iv^ssiMo  s.^i:roe  of  trouble  as  they  may  some::—^ 
.u\:-.;::c  o\:^'v>s!\  c  :^ro:x^r:ior.s  and  there  is  alwa\-s  the  >.>5s;"ri?:r. 
o:  ijiv.i:: ."::.  The  h:<h  pressures  rtsu'tin*:  from  expla?aocs  -a':-:;!'! 
I. -..:,."*:::  :hc  Ap:\-r,\::;>  ar.d  :v>>>:*:  'y  human  lite,  but  car.  ei=r.y 
':x  v.:  r/.oJ-  .-.4:.i.:-.>:  ":  >  pro\-:d:r.*:  s.-r.te  form  oi  pressure  re-Iief 
such  .IS  a  wAttr  sdl  or  larce  riat  dvx»r.  or  ptate,  wixh  wiTf-f-^-— ? 
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inertia  so  as  to  permit  of  rapid  opening  with  minimum  pressure 
rise. 

(d)  There  are  a  few  types  of  producer  plants  so  constructed 
that  they  operate  on  what  is  known  as  a  balanced  draft.  This  is 
generally  achieved  by  using  the  equivalents  of  one  blower  and 
one  exhauster.  The  combined  action  of  the  two  is  such  that 
the  pressure  witliin  the  producer  itself  is  not  greatly  different 
from  atmospheric,  that  on  the  outlet  side  being  generally  main- 
tained at  a  value  equal  to  atmospheric.  The  dangers  associated 
with  leakage  in  or  out  are  thus  minimized. 

392.  Mechanical  Chaiging.  (a)  Most  of  the  producers  used 
in  power  plants  are  charged  by  hand,  particularly  in  the  smaller 


generally  made  of  such 


Fig.  397- 


sizcs.  With  small  producers  ihe  shell 
depth  that  it  will  hold  sufficient  fuel 
for  from  three  to  six  hours'  operation 
without  recharging.  Such  producers 
are  commonly  charged  when  starting 

3  the  morning,  again  at  about  midday 

ind  finally  at  night  before  shutting 

lown. 

(b)  With  large  producers  it  is  gener- 
Uly   found  best   to  charge  at  shorter   | 

ntervals  because  more  uniform  results 

art*  ihus  obtained  and  because  the  fuel 

columnismorecasily  handled  when  this  is  done.     Where  frequent 

charging  is  nccessarj-  a  mechanical  device  such  as  is  shown  in  Fig. 

197  has  many  advantages,  the  most  prominent  of  which  are;  — 

(1)  Uniform   rate  of  charging   so  that  there  are  no  sudden 
jftictuations  in  quality  of  gas  as  happens  when  lai^e  quantities 

f  green  fuel  are  charged  at  long  intervals; 

(2)  Uniform  distribution  of  fuel  over  the  entire  diameter  of 
duccr,  —  a  %cr>-  dillicult   matter  in  hand  charging  of  large 

ss  much  hand  leveling  is  done,  which  generally 
iermits  the  admi^ton  of  considerable  quantities  of  air  or  the 
lischarge  of  large  volumes  of  gas  during  the  operation;  and 
I  (3)  Saving  of  lalwr  and  hence  of  operating  expense. 


.  Cteanine  Apparatus,     (a)  The  gas  leaving  ; 
laratively  high  lemiK;rature  and  C 
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more  or  less  solid  matter  and  also  vapors  which,  upon  cooling, 
will  condense  to  form  water  and  tar.  The  function  of  the  clean- 
ing apparatus  is  to  cool  the  gases  and  to  remove  solids,  water 
and  tar. 

(b)  In  the  broad  sense  every  part  of  the  apparatus  beyond 
the  producer  outlet  flange  is  cooling  and  cleaning  apparatus,  but 
commercially  the  term  is  applied  to  the  several  distinct  units 
such  as  wet  and  dry  scrubbers,  tar  extractors  and  such. 

(c)  The  methods  employed  for  cooling  are  almost  obvious  from 
the  figures  of  actual  producers  shown.  A  certain  amount  of 
sensible  heat  is  removed  from  the  gas  by  air  or  water,  or  both, 
in  the  economizer  or  its  equivalent.  Part  of  the  sensible  heat 
of  the  gas  is  lost  by  radiation  from  the  pipes  connecting  the 
various  parts.  By  far  the  largest  amount  is  generally  removed 
in  wet  scrubbers,  by  bubbling  the  gas  through  water,  or  by  passing 
it  through  a  space  filled  with  a  very  fine  spray  of  water,  or  over 
water  films  on  coke  or  on  similar  solid  material,  or  by  a  combina- 
tion of  these  methods. 

(d)  The  methods  of  removing  solids  (and  in  some  cases  liquids) 
depend  upon  three  principles:  (i)  Separation  by  gravitation, 
(2)  separation  by  change  of  direction,  and  (3)  separation  by 
wetting  solid  particles  and  retention  of  such  wetted  material. 

Settling  of  solid  (and  liquid)  matter  will  result  to  a  certain 
extent  when  the  velocity  of  flow  is  sufficiently  reduced.  This 
reduction  in  flow  may  be  brought  about  either  by  an  enlarge- 
ment in  the  size  of  the  passage  or  by  decrease  in  volume  due  to 
lowering  the  temperature  of  the  gas,  or  by  both  these  processes. 
In  fact  more  or  less  separation  of  the  kind  always  occurs  in  the 
pipes  because  of  natural  cooling.  Separation  by  change  in  direc- 
tion occurs  whenever  the  gas  passes  through  an  elbow  or  similar 
fitting,  the  solids  (and  liquids)  having  a  tendency  to  travel  to 
the  outside  of  the  curve. 

Special  apparatus  for  utilizing  these  first  two  principles  is 
seldom  fitted  to  producers,  and  particularly  not  to  those  used 
for  power  work,  though  the  fact  that  such  separation  must 
always  occur  to  a  certain  extent  as  the  gas  flows  through  the 
passages  may  be  utilized  in  design  to  lighten  the  work  required 
of  the  following  apparatus.  It  should  also  be  taken  into  account 
in  designing  the  piping  by  arranging  openings  through  which 
cleaning  can  be  easily  effected. 
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By  far  ihe  largest  amount  of  solid  material  is  removed  by  wet 

icrubbing  which  is  also  used  for  the  cooling  effect.     The  appa- 

as  is  so  constructed  that  the  solid  particles  are  well  wetted 

I  arc  then  allowed  lo  separate  out  by  gravity,  or  they  are 

r'acrubbed"  out  by  bringing  them  in  contact  with  wetted  surfaces 

a  which  they  adhere.    Separation  by  gravity  is  well  shown  in  the 

where  gas  is  bubbled  through  water,  the  particles  of  dust 

e  surface  of  the  "bubble  "  being  wetted  and  caught  by  the 

I,  after  which  they  slowly  settle  to  form  a  sort  of  mud. 

Separation  by  wet  scrubbing  is  well  illustrated  by  the  opera- 

1  of  coke  or  grid  filled  towers  or  "scrubbers  "  such  as  those 

wn  in  Figs.  391  and  392. 

Even  the  best  wet  scrubbers  will  allow  a  small  amount  of 

:  to  pass  through  them.     This  material,  together  with  me- 

Jianically  entrained  water  and  some  tar,  is  often  finally  sepa- 

Prated  in  a  "dry  scrubber  "  filled  with  excelsior  or  sawdust,  such 

(as  that  shown  in  Fig.  392. 

After  the  tar-forming  vapors  have  been  condensed,  Ihe  small 
irticles  or  "  droplets  "  of  tar  behave  in  much  the  same  way  as 
)  the  dust  particles.  The  apparatus  used  for  dust  removal, 
1  in  particular  the  wet  scrubber,  removes  large  proportions  of 
as  well. 

(e)  When  the  tar  content  of  the  gas  is  great,  as  when  bitu- 
5  coals  are  used  in  a  producer  which  does  not  provide  for 
fcreaking  up  the  hydrocarbons  within  the  fuel  bed,  it  is  often 
pecessary  to  use  a  separate  "  tar  remover."  These  are  generally 
mechanically  operated  scrubbing  devices  in  which  the  gas  is 
1  wetted  by  a  spray  of  water  and  then  brought  into  forcible 
X>ntact  with  moving  and  stationary'  surfaces.  The  tar  collects 
I  these  surfaces  and  the  hquid  is  driven  off  or  drained  off 
Wntinuously.  Such  separators  often  take  forms  resembling  fan 
Mowers,  or  series  of  propellers  or  impeller  wheels,  with  adjacent 
tnits  rotating  in  opposite  directions. 


Producer  Gas  from  Oil.  (a)  Many  attempts  have  been 
ladc  to  construct  producer-gas  plants  which  would  successfully 
pisify  crude  oil  and  fuel  oil,  but  most  have  resulted  in  failure, 
"here  are,  however,  a  few  plants,  of  several  different  types,  in 
luccessful  operation,  which  indicates  that  (he  problem  of  gaflj* 
rtying  oil  in  a  producer  is  not  impossible  of  sf)lution. 
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(b)  The  difficulties  met  in  attempts  to  gasify  oil  are  similar  to 
those  experienced  with  the  gasification  of  the  volatiles  in  bitu- 
minous coals  and  similar  fuels.  Either  tar,  or  lampblack,  is 
generally  produced  in  large  quantity,  and  gives  trouble  in  clean- 
ing, besides  reducing  the  efficiency. 

(c)  One  of  the  solutions  of  this  problem  is  notable  for  its  sim- 
plicity. The  producer  is  arranged  for  down  draft  and  is  built 
with  a  brick  arch  grate  similar  to  that  shown  in  Fig.  392.  A 
bed  of  incandescent  coke  is  maintained  on  this  arch  and  the  oil 
is  sprayed  into  the  upper  part  of  the  producer,  the  resulting  gas 
passing  downward  through  the  coke  bed.  All  tar-forming  vapors 
are  destroyed  by  cracking  and  the  resultant  lampblack  is  nearly 
all  caught  in  the  coke  bed  which  is  thus  automatically  replenished. 


CHAPTER  XXXIV. 

UTILIZATION    OF    WASTE  HEAT— FINANCIAL  CONSIDERATIONS. 

295.  General,  (a)  It  has  been  seen  that  in  connection  with 
steam  power  plants  very  large  amounts  of  heat  are  wasted  in 
the  flue  gas  (loss  c  in  Fig.  3)  and  in  the  exhaust  steam  (width  E 
in  Fig.  3).  The  profitable  reduction  of  these  losses  is  obviously 
of  the  greatest  importance,  and  it  is  the  object  of  this  chapter 
to  outline  briefly  the  different  methods  of  its  accomplishment 
and  some  of  the  more  important  problems  connected  therewith. 
In  most  cases  it  will  be  seen  that  some  of  the  waste  heat  is  used 
in  increasing  the  temperature  (sensible  heat)  of  the  feed  water, 
thus  reducing  the  amount  of  fuel  required  to  convert  the  feed 
water  into  steam. 

296.  Utilization  of  the  Heat  in  the  Flue  Gases,  (a)  One  very 
common  method  of  saving  some  of  the  heat  that  would  ordina- 
rily be  wasted  up  the  stack*  is  to  heat  feed  water  by  passing  it 
through  tubes  which  are  surrounded  by  the  flue  gases  after  they 
have  left  the  boiler.  The  heating  apparatus  in  this  case  is 
commonly  called  an  ''Economizer ^  Its  use  effects  a  saving  of 
heat  which  in  exceptional  cases  may  amount  to  as  much  as  15 
per  cent  of  the  total  calorific  value  of  the  fuel.  The  apparatus, 
its  method  of  operation,  advantages  and  disadvantages,  etc., 
^^-ill  be  discussed  in  detail  later. 

(b)  In  certain  instances,  some  of  the  heat  of  the  flue  gas  can 
be  used  profitably  for  heating  the  air  used  in  the  furnace;  and 
if  the  local  conditions  are  favorable,  the  hot  gases  may  Ixi  used 
in  dr>'ing-kilns  and  such. 

But  in  all  cases  where  the  temperature  of  the  flue  gas  is  de- 
creased there  is  a  detrimental  effect  on  the  draft  fif  natural), 
to  offset  which  entails  an  additional  expense  for  an  increased 
height  of  stack,  or  for  artificial  draft  apparatus  and  its  opera- 
tion. 

619 


620  BEAT-POWER  ENGINEERING 

297.  Utilization  of  the  Heat  in  the  Exhaust  Steam,     (a)  It 

has  been  seen  that  lowering  the  pressure  of  the  exhaust  steam 
issuing  from  a  prime  mover  results  in  an  increase  of  the  available 
percentage  of  the  total  heat  furnished  by  the  boiler  and  hence 
reduces  the  proportion  wasted  in  the  exhaust.  This  decrease  of 
pressure  is  commonly  effected  by  using  a  condenser,  of  which 
there  are  many  types.  But  there  is  in  each  power  plant  a  limit 
of  vacuum  beyond  which  it  does  not  pay  to  go;  and  even  where 
the  best  vacuums  are  used,  the  exhaust  steam  still  contains  the 
larger  part  of  the  heat  that  is  brought  from  the  boiler,  and  this 
heat  is  nearly  all  surrendered  to  the  condensing  water.  How- 
ever, some  of  this  heat  may  be  returned  to  the  boiler  with  the 
feed  water  (this  being  saved)  but  the  proportion  is  generally 
quite  small  if  the  vacuum  is  good.  In  Fig.  3  this  return  is  shown 
by  the  lower  stream  line,  for  one  particular  arrangement  of 
plant.  Condensers  and  methods  of  supplying  the  feed  water 
with  heat  from  the  exhaust  steam  will  be  discussed  more  in 
detail  later. 

(b)  When  the  steam  is  exhausted  at  atmospheric  pressure, 
the  feed  water  can  be  heated  nearly  to  212°  by  it  and  thus  quite 
a  considerable  saving  may  be  accomplished;  but  only  a  small 
percentage  of  the  total  exhaust  steam  of  the  entire  plant  can  be 
profitably  utilized  in  this  manner.  •  Frequently  the  main  prime 
mover  is  operated  condensing  and  the  auxiliary  apparatus  non- 
condensing,  the  exhaust  steam  of  the  latter  being  used  for  feed- 
water  heating.  This  results,  in  most  instances,  in  more  profit 
than  arises  from  operating  the  auxiliaries  condensing.  The  pieces 
of  apparatus  in  which  the  feed  water  is  heated  by  the  exhaust 
steam  are  called  feed-water  heaters;  they  will  be  discussed  in  de- 
tail later. 

(c)  When  the  local  conditions  are  suitable,  some  of  tlie  heat 
of  the  exhaust  steam  can  be  used  in  industrial  processes  which 
require  temperatures  lower  than  that  corresponding  to  the  ex- 
haust pressure.  Thus,  for  example,  a  steam  prime  mover  might 
furnish  power  for  an  industry  in  which  the  heat  of  the  exhaust 
steam  could  be  utilized  in  dryers,  or  in  kettles  used  for  digesting 
various  materials,  and  the  condensate,  with  its  sensible  heat, 
might  be  returned  as  feed  water  to  the  boiler.  In  other  indus- 
tries in  which  solutions,  having  temperatures  of  vaporization 
below  212°,  are  evaporated  in  **  evaporating  pans  "  at  atmospheric 
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iure,orin  "  vacuum  pans  "  under  partial  vacuums,  the  latent 
at  of  the  exhaust  steam  can  be  used  to  supply  the  heal  neces- 
■  to  evaporate  the  water  from  the  solution;  and  in  such 
sses  not  only  may  the  vacuum  pan  act  as  a  condenser  for  the 
wer  plant  and  thus  reduce  the  back  pressure  on  the  prime 

;r,  but  die  hot  condensate  may  be  returned  as  boiler  feed. 

(d)  Many  plants  are  situated  in  localities  where  the  artificial 

'.ating  of  buildings  is  necessary  for  a  large  portion  of  the  year, 

jfor  such  healing,   low-pressure  steam,   i.e.,  steam  at  or  near 

■tmospheric  pressure,  is  satisfactory;  hence,  the  exhaust  steam 

■om  engines  suitably  located  can  often  be  used  for  heating  pur- 

s  for  many  months  in  each  year. 

As  in  the  case  of  vacuum  pans,  the  heating  system  can  some- 

jtjmes  act  as  a  condenser  for  the  power  plant,  but  in  such  cases 

vacuum  carried  (if  any)  is  very  imperfect,  the  pressure  not 

being  much  below  atmospheric.     Such  "vacuum  systems  "  are 

generally  operated  at  a  pressure  of  but   i  or  2  pounds  below 

atmospheric,  despite  the  fact   that   the  lower  the  pressure  of 

fondensation.  the  greater  is  the  latent  heat  surrendered  by  the 

Bteam.     The  reasons  for  not  using  greater  vacuums  are:    (i) 

^wering  the  temperature  of  the  steam  in  the  radiator  neces- 

i  a  greater  amount  of  radiating  surface   (which  involves 

reater  first  cost),  and  (2)  lowering  the  pressure  makes  it  more 

t  to  keep  the  joints  tight  (that  is,  to  prevent  the  inflow  of 

ir),  for  even  if  the  heating  system  is  of  only  moderate  extent, 

[here  are  hundreds  of  joints  and  it  is  difficult  to  insure  perma- 

lent  tightness  in  all  of  them. 

In  other  heating  systems,  called  Pressure  Systems,  the  steam 
s  at  a  pressure  somewhat  above  atmospheric,  the  back  pressure 
I  the  engine  being  generally  from  5  to  20  pounds  gauge  pre&- 


(e)  Supposing  that  the  condensate  from  the  heating  s>-stem 
I  used  for  feed  water  (without  loss  of  temperature)  and  that  all 

i  heat  in   the  exhaust  steam  above  feed-water  temperature 

1  be  used  for  heating  purposes,  then,  in  the  iduiil  case,  the 
fficiency  of  the  combined  system  is  too  ()er  cent,  for  all  of  the 
!at  which  is  given  to  the  sicam  by  the  boiler  and  not  converted 

y  useful  work  is  utilized  in  heating.  In  the  .tcltial  caw  mme 
F  the  heat  is  lost  by  cylinder  radiation,  by  mechanical  friction 
t  engine  and  driving  machinery,  and  by  useless  r.uliatic 
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pipes  between  engine  and  heating  system;  but  even  then  the 
efficiency  of  the  combination  is  relatively  hig^  while  it  is  in 
operation.  In  fact,  the  cylinder  radiation  and  dissipation  of 
heat  due  to  friction  and  work  may  not  be  waste  if  the  same 
amount  of  heat  would  otherwise  ha\*e  to  be  used  for  warming 
the  engine  room. 

Wliether  or  not  it  would  pay  financially  to  utilize  the  exhaust 
steam  for  heating  buildings  depends  on  the  location  of  the  power 
plant,  the  length  of  the  annual  period  of  time  during  which  the 
heating  is  necessar>%  the  percentage  of  the  total  steam  that  can 
be  used  during  such  periods,  the  excess  cost  of  equipment  o\'er 
that  otheniv-ise  required  and  many  other  items  which  need  not 
be  considered  in  this  brief  discussion. 

298.  Heat  Transmission.  —  In  order  to  transfer  the  heat  from 
the  hot  gases,  or  steam,  to  the  feed  water  or  other  absorbing 
media,  some  kind  of  heat  transmission  must  occur.  Hence  to 
properly  understand  the  operation  of  condensers,  ecooomixers, 
feed>^%)ter  heaters  and  similar  apparatus,  one  must  have  a 
knowledge  of  the  general  theor\'  of  the  transmission  erf  heat. 
The  subject  will,  therefore,  be  discussed  (in  the  next  chapter) 
before  such  apparatus  is  considered  in  detail. 

299.  Financial  (kmsideratians.  i,a)  Suppose  the  installation 
of  certain  apparatus  would  effect  a  subsranrial  sa\4ng  in  the 
weight  of  coal  used:  then  from  the  standpoint  of  kral  uiilizodum 
there  would  be  a  gain.  But  suppose,  further,  that  the  e3q)ense 
chai\:eable  against  the  installation  and  the  operation  of  the 
apparatus  itself  would  be  more  than  the  sa\-ing  in  the  cost  of 
coal;    then,  of  course,  the  installation  would  not  be  jxontable 

Ob\"iously  the  adN'isability  of  the  adoption  of  additional  e\;u:;v 
ment  depends  on  whether  i:  will  effect,  in  the  long  run.  a  sa\-in^ 
greater  than  all  expanses  in  any  way  char^able  against  ::. 

b  The  capital  inwsted  in  apparatus  must  be  guarviec  against 
fall  in  value  in  order  to  protect  the  inx-estor;  but  tije  appfciraros 
is  sub;tv:  to  decrease  in  value  because  of  wear  and  possabie  aco- 
<ien:s,  and  aI?o  because  it  may  become  oh?o4ete  by  tbe  mtrrduc- 
:ux:  of  iraprox-ements.  This  decrease  in  \^ue  is  called  "d^prt- 
riiTu-^.''     Therefcwe,  eadi  \Tear  there  must  be  set  aside  a  ccrtaio 
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sum  (a)  so  that  the  amount  thus  accumulated  plus  the  remaining 
market  value  of  the  apparatus  will  at  least  equal  the  investment. 
The  more  rapidly  the  apparatus  deteriorates  or  becomes  obso- 
lete the  greater  is  the  annual  depreciation  to  be  set  aside. 

Furthermore,  the  capital  must  receive  yearly  interest  (b)  to 
be  profitable;  and  as  the  investment  increases  so  also  do  the 
expenditures  for  taxes  (c),  and  insurance  (d);  and  should  addi- 
tional space  be  demanded  by  the  apparatus,  there  may  be  in- 
creased annual  rent  (e)  to  pay.  These  items,  and  perhaps  some 
others,  constitute  what  are  called  the  Fixed  Charges  against  the 
apparatus. 

(c)  Besides  these  items,  the  yearly  cost  of  operating  the  appa- 
ratus must  be  considered,  the  principal  items  of  such  additional 
expense  being  some  or  all  of  the  following: — (i)  Labor  or 
attendance;  (2)  fuel  consumption;  (3)  toater  used;  (4)  oil,  waste 
and  other  supplies;  (5)  repairs  and  maintenance,  and  possibly 
other  items. 

If  the  saving  in  expenditure  for  fuel  per  year  should  be  greater 
than  the  sum  of  items  (a)  to  (e)  and  of  (i)  to  (5)  and  of  any 
others  not  included,  the  installation  of  the  apparatus  will  be  a 
source  of  profit,  otherwise  not. 

(d)  It  is  not  within  the  scope  of  this  book  to  enter  into  the  de- 
tailed discussion  of  the  financial  problems  connected  with  power- 
plant  engineering;  but  it  is  deemed  necessary  to  show  that  the 
heat  saving  is  not  the  final  criterion.  The  foregoing  very  brief 
discussion  is  given  for  that  purpose  and  to  make  clear  to  the 
reader  what  is  meant  when  such  phrases  as  **  aside  from  the 
financial  considerations  involved  "  are  used  in  the  chapters  which 
follow. 


CHAPTER  XXXV. 

HEAT  TRANSFER. 

300.  General,  (a)  In  previous  chapters  it  has  been  assumed 
possible  to  transfer  heat  from  body  to  body  at  will,  limited  only 
by  the  law  that  a  body  cannot  gain  heat  from  one  at  a  lower 
temperature  unless  energy  is  expended  to  cause  the  transfer. 
It  is  now  necessary  to  investigate  more  closely  the  phenomena 
connected  with  the  ''flow  "  of  heat  under  the  "driving  force  "  of 
a  temperature  difference. 

(b)  At  the  outset  it  must  be  clearly  understood  that  from  the 
engineer's  viewpoint  the  whole  subject  of  heat  transfer  is  in  a 
most  undeveloped  state.  Many  experiments  have  been  made, 
numerous  laws  have  been  suggested,  and  much  that  is  true  has 
been  recorded;  but  there  are  still  many  points  about  the  subject 
which  are  matters  of  dispute  and  the  settlement  of  which  is 
anxiously  awaited.  It  will  be  shown  later  that  this  is  not  so 
much  due  to  the  lack  of  scientific  knowledge  as  to  the  lack  of 
means  of  applying  known  facts,  and  of  inability  to  analyze  the 
exact  conditions  under  which  the  heat  transfers  occur. 

301.  Heat  Conduction,  (a)  Assume  the  metallic  bar  shown 
in  Fig.  399  to  be  so  insulated  along  its  entire  length  that  no  heat 

can  be  dissipated  by  it  to  the  surrounding 

'  ^     atmosphere.    Assume  further  that  the  ends 

are  so  arranged  that  heat  can  be  continu- 
ously supplied  to  the  bar  at  end  A  and  the 
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Fig.  SQO.  same  amount  continuously  removed  from 

end  B.  Under  these  circumstances  the  heat 
supplied  will  all  flow  along  the  length  of  the  bar,  i.e.,  flow  through 
the  bar.  Experience  shows  that  under  such  conditions  the  tem- 
perature at  B  will  always  be  lower  than  the  temperature  zX.A ,  that 
is,  that  there  must  be  a  temperature  difference  if  heat  is  flowing. 
This  is  very  similar  to  the  phenomena  met  in  the  flow  of  electric 
currents  in  similar  conductors.     It  is  necessary  that  a  difference 
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f  potential  exist  between  two  points,  A  and  B,  if  an  electric 
urrent  is  to  flow  betwL-t-n  them.  In  the  one  case  then  electricity 
Dws  "because  "  of  a  difference  of  electrical  potential  or  electro- 
loiive  force,  in  the  other  heat  flows  "because  "  of  a  difference 
f  temperature,  or,  paralleling  the  above,  a  difference  of  "heat 
lotential." 

(b)  Since  it  is  supposed  that  the  molecules  of  a  substance 
nove  faster  when  at  a  high  temperature  than  when  at  a  low  one, 

le  sensible  heat  associated  with  the  substance  may  therefore 
i  conceived  as  being  measured  by  the  intensity  of  molecular 
notion,  and  heat  conduction  may  be  considered  as  merely  the 
mpariing  of  such  motion  to  successive  groups  of  molecules  along 
he  path  of  heat  flow.  According  to  this  view  when  one  end  of 
I  solid  body  is  heated  the  molecules  begin  to  vibrate  more  and 
:  rapidly  but  they  impart  some  of  their  energy  to  those 
Holecuies  immediately  adjacent  to  them,  and  these  in  turn  pass 
r  to  their  neighbors,  and  so  on  through  the  entire  sub- 
Itance. 

(c)  The  laws  governing  this  sort  of  heat  flow  are  compara- 
ively  simple.  To  develop  them  assume  the  two  parallel  planes 
I  and  B,  in  the  conducting  body  shown  in 
"ig.  400,  to  each  have  unit  area,  to  be  unit 
Itstance  apart  and  to  be  maintained  at 
emperatures  T^  and  T^,  the  former  being 
me  degree  Fahrenheit  greater  than  the  Fig.  4™ 
itter,     Then  there  will  be  a  flow  of  heat 

rom  A  to  B;  and,  assuming  no  loss  from  the  walls  of  the  inier- 
ening  body,  heat  will  have  to  be  supplied  at  A  and  removed  at 
i  at  exactly  the  same  rate  as  it  flows  between  these  points,  if 
hese  temperatures  and  the  How  are  to  be  maintained  constant. 

(d)  Experiment  shows  that  under  such  conditions  a  very  defi- 
ite  amount  of  heat  will  flow  from  A  to  B  per  unit  of  time  in 
ny  given  material  and  this  quantity  is  called  the  Specific  Heai 
'onductivity.     It  will  hereafter  \x  designated  by  the  Greek  let- 

'  and.  as  used  in  most  engineering  calculations,  it  is  the 
umber  of  B.t.u.  flowing  per  hour  in  the  material  between  two 
)arallet  planes  with  area  of  each  equal  to  one  square  foot,  with 

*  The  Ictttr  X  is  very  commonly  used  for  this,  but  because  it  has  already  been 
mployet)  in  this  lnnk  W  rciirtSL-nl  aaothec  equally  impnrtini  iiuinUty  it  is  thought 
o  prevent  cooiuaion  by  mloirting  the  abuvc  unususil  symbut  1 


^ 


626  BEAT-POWER  ENGINEERING 

one  inch  space  between  and  with  a  difference  of  temperature  of 
one  Fahrenheit  degree* 

(e)  It  is  easy  to  see  that  if  planes  having  areas  of  twice  this 
amount,  i.e.,  two  square  feet,  are  assumed,  twice  as  much  heat 
would  flow  between  them  in  a  given  time.  The  heat  flow,  or 
conductivity,  therefore  varies  directly  as  the  cross  section,  in 
the  same  way  that  electrical  conductivity  does. 

Similarly,  to  cause  heat  in  quantity  a  to  flqw  between  two 
planes  of  unit  area,  but  at  two  units  distance  apart,  will  require 
twice  the  temperature  difference  that  is  needed  when  they  are 
but  one  unit  apart.  This  can  easily  be  seen  by  imagining  an 
intermediate  plane  at  unit  distance  from  each  of  the  others.  One 
degree  of  temperature  difference  will  cause  a  heat  units  to  flow 
from  plane  A  to  the  intermediate  one  and  plane  B  must  be  one 
degree  lower  than  the  intermediate  to  maintain  the  same  rate 
of  flow.  In  other  words  heat  conductivity,  like  electrical  con- 
ductivity, varies  inversely  as  the  length  of  the  conductor. 

v*/  ^*     AQ  =  the  heat  flow  between  two  parallel  planes  of  equal 

area  in  a  given  material  in  one  hour, 
6  =  the   temperature  difference  in   Fahrenheit  de- 
grees, 

5  =  area  of  each  of  the  two  planes  in  square  feet,  and 

6  =  distance  apart  of  the  planes  in  the  conductor,  in 

inches, 

then,  from  the  two  statements  in  (e)  above, 

A(3  =  ^.^B.t.u.t (428) 

d 

And,  if  Sa/d  be  called  the  conductivity  of  the  heat  path,  its 
reciprocal  8/Sa  may  be  called  the  heat  resistance ,  R,  just  as  the 
reciprocal  of  electrical  conductivity  is  called  the  electrical  re- 
sistance.    If  this  is  done  equation  (428)  may  be  written 

AQ  =  ^  -^  {8/Sa)  =  e/R, 

the  last  term  of  the  expression  resembling  Ohm's  Law,  but  giving 
the  heat  flowing  in  unit  time  in  terms  of  temperature  difference 
divided  by  heat  resistance,  instead  of  electrical  flow  in  unit  time 
in  terms  of  voltage  difference  divided  by  electrical  resistance. 

*  This  curious  mixture  of  units  is  of  convenience  in  engineering  calculations. 
t  For  flow  between  inner  and  outer  surfaces  of  a  cydindrical  wall  see  Appendix. 


^^H  BEAT  TRANSFER  627 

This  form  of  expression  can  be  used  to  find  heat  flow  with  any 
complicated  combination  of  resistances  just  as  is  done  in  elec- 
trical problems,  and,  in  general,  paths  with  resistances  in  parallel 
or  in  series  might  be  considered.  However,  in  practical  cases 
resistances  in  series  are  generally  the  only  ones  of  importance, 
and  for  such  instances 

\Q  =  fi^{2R) (429) 

(g)  The  specific  heat-conductivity,  a,  varies,  in  general,  with 
the  kind  of  conductor  in  about  the  same  way  as  docs  electrical 
conductivity;  thus,  good  conductors  of  electricity  are  generally 
;good  conductors  of  heat,  and  vice  versa.  It  also  varies  with 
purity  of  material,  being  different  for  instance  for  pure  copper 
and  copper  containing  :imall  quantities  of  other  metals,  and  with 
temperature  much  as  does  electrical  conductivity.  The  con- 
ductivity a,  at  any  temperature  above,  or  below,  a  chosen  datum 
can  be  expressed  in  terms  of  the  conductivity  ao  at  datum  tem- 
I)erature  by  the  equation 

and  with  32°  F.  as  datum  this  becomes 

«.  =  cr,:}l+^((-32)t {430) 

n  which  3  is  a  constant  which  has  values  varying  with  the  mate- 
rial, being  positive  with  some  and  negative  with  others. 

The  values  of  an  and  0  are  given  in  Table  XXVI  for  some  of 
the  common  heat  conductors  used  by  the  engineer. 

Comparison  of  the  specific  conductivities  tabulated  will  show 
that  for  metals  they  are  several  hundred  times  as  great  as  for 
prater,  and  that  for  this  latter  substance  the  conductivity  is 
leveral  times  the  value  for  gases.  Stagnant  gases  are  about  the 
poorest  conductors,  and  stagnant  water  is  nearly  as  bad. 

302,  Heat  Transfer  by  Convection,  (a)  When  Jiuids  (liquids 
bnd  gases)  have  their  temperatures  raised  locally,  the  heat  energy 
8  distributed  through  the  mass  of  fluid  not  only  by  conduction, 
Rich  as  was  just  considered,  but  also  by  what  is  known  as  "con- 
fection." Most  liquids  are  comparatively  poor  heat  conductors 
Uul  practically  all  gases  are  very  bad  ones,  but  under  proper 
sonditions  heat  may  be  transferred  to  distant  parts  of  the  fluid 
eery  quickly  by  convection. 
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TABLE  XXVI.*— SPECIFIC  CONDUCTIVITY  OF  VARIOUS 

MATERIALS. 


Materials. 

a»t. 

^f. 

Cast  iron 

^^0.00 

—0.0004 

Average  values  for  g^ay  iron. 

^m^^  v'^  *.■  ^0        ^  ^     ^a'  a^b  ■         «■*•«•«> 

00^ '  ^^' 

Variations  with  compositicm 
very  great. 

Wrought  iron 

(unworked) 

450  00 

—0.0009 

See  next  below  as  indication  of 
variation. 

Wrought  iron 

(worked) 

240.00 

—0.0006 

Steel  (soft) 

300.00 

—0.0003 

See  below  as  indication  of  vari- 
ations. 

Steel  (mod.  hard) . 

240.00 

—0.0003 

Steel  (very  hard). 

180 

Copper  (pure) 

2400 

—0.0002 

Values  given  by  different  experi- 

Copper 

(commercial) . . . 

menters    vary   con.siderably. 

2100 

H-o.oooi 

Probably  due  to  variations  in 

X                                         # 

purity  and  condition. 

Brass  (yellow) ... 

420 

-I-0.0014 

jVaries   greatly   with   composi- 
'     tion. 

Brass  (red) 

540 

+0.0008 

Aluminum  (pure).. 

750 

4-0.0003 

Aluminum 

with  j  °-5%  Fe 
1  0.4%  Cu 

1041 

-I-0.0002 

Cylinder  oil 

0.784 

1 

-0.0015 

Naturally  varies  with  kind  of 
oil,  cylinder  oil  not  being  a 
definite  compound. 

Water 

2.6158 

4-0.0053 

These  values  seem  best  authen- 

%^ 

1                                       %fKf 

ticated.      Authorities    differ 

greatly. 

Air 

0.1 1989 
0.71933 

4-0.0017 

Varies  with  humidity,  etc. 

Hydrogen 

Fire  brick 

6.948  at  1300®  F.  Varies  con- 
siderably with  composition  of 

brick. 

•'  Insulating  " 

materials 

0.4  to  I  .  2 

Such  materials  as  cork,  cellular 

paper,  asbestos  mixtures,  etc. 

*  Compiled  largely  from  the  Landolt-Bomstein-Myerhoffer  Tabellen,  and  from 
"Hutte,"  Des  Ingenieurs  Taschenbuch. 

There  is  still  considerable  uncertainty  and  disagreement  regarding  the  specific 
conductivities  of  the  various  substances  and  the  U.  S.  Bureau  of  Standards  is  now 
carrying  on  investigations  on  this  subject.  The  results  will  presumably  be  pub- 
lished eventually  in  a  bulletin. 

t  a  is  heat  in  B.  t.  u.  conducted  f>er  square  foot,  per  degree  difference,  per 
hour,  per  inch  thickness  of  material.    /9  is  the  constant  in  Eq.  (430). 
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(b)  Practically  all  fluids  increase  in  volume  when  heated, 
tJiat  is,  their  density  decreases.  Lucal  heating  will  therefore 
cause  local  decrease  of  density:  but  this  will  disturb  the  me- 
chanical equilibrium  of  the  fluid  and  there  will  be  a  tendency  for 
the  heated  portions  to  rise.  This  will  be  more  marked  the  more 
intense  and  local  the  heating,  and  it  results  in  the 
flow  of  the  heated  material  through  the  rest,  that  is. 
currents   are   formed,  or   "circulation  "  occurs.     This 

roceas  very  rapidly  distributes  heat  energy  to  all  parts 
of  the  mass  even  though  the  fluid  be  a  poor  conductor  ' 

if  heat.  Examples  of  convection  currents  caused  by 
local  heating  are  shown  by  the  arrows  in  Figs.  401 
and  350. 

(c)  The  marked  distinction  between  heat  conduction   Fig"oi 
and  heat  convection  can  now  be  clearly  shown,  if  the 

expressed  are  assumed  correct:  Heat  conduction  js  due 
ito  the  individual  motions  of  single  molecules,  while  heat  con- 
vection is  the  common  transportation  of  groups  of  molecules. 

(d)  No  attempt  will  be  made  to  give  an  expression  for  the 
rate  at  which  heat  is  distributed  through  a  fluid  by  convection, 

it  would  be  very  complicated  and  of  little  use  at  best.  It 
Would  at  least  involve  differences  of  temperatures  and  densities, 
Bpecihc  heats,  viscosity  and  molecular  friction.  In  general  it 
may  be  said  the  heat  transfer  by  convection  will  increase  with 
temperature  difference,  or  with  the  intensity  of  local  heating, 
and  will  be  greater  the  less  the  viscosity  of  the  material. 

Heat  Transfer  by  Radiation,  (a)  Experiment  shows 
ihat  bodies  at  all  temperatures  radiate  energy  at  the  expense  of 
tiieir  associated  heat,  which  energy,  when  stopped  or  absorbed 
ly  another  body  or  medium,  becomes  evident  as  heat  energy. 
This  does  not  mean  that  the  radiated  energy  is  in  the  form  of 
eat  when  on  the  way  between  the  two  bodies;  in  fact,  if  heat 
nergy  is  to  be  considered  as  connected  with  the  motion  or  con- 
[ition  of  molecules,  radiant  energy  of  this  kind  cannot  be  heat 
B  it  will  pass  through  a  vacuum  devoid  of  molecules  of  any  kind. 
(b)  Like  light,  radiant  energy  is  supposed  to  be  transmitted 
<y  the  hypothetical  "ether,"  and  to  be  a  vibratory  form  of 
nei^.  It  is  further  commonly  supposed  that  the  molecules 
if  a  body  start  such  vibrations  in  the  ether  at  the  expense  of 
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part  of  their  energy,  and  that  the  energy  associated  with  mole- 
cules of  other  bodies  can  be  augmented  at  the  expense  of  these 
ether  vibrations.  Whether  the  ether  exists  or  not,  and  whether 
the  process  goes  on  in  this  way  or  not,  is  really  immaterial.  The 
facts  remain  that  a  body  can  lose  heat  by  radiating  energy, 
which  is  not  what  is  commonly  called  heat  after  leaving  that 
body,  and  that  substances  can  be  raised  in  temperature,  vapor- 
ized and  so  on,  by  receiving  such  radiated  energy.  This  energy 
will  hereafter  be  called  radiant  energy  * 

(c)  The  rate  at  which  heat  energy  is  radiated  by  a  body  in- 
creases ver>'  rapidly  as  the  absolute  temperature  is  raised.  Un- 
fortunately the  exact  law  governing  has  not  yet  been  definitely 
determined,  but  it  seems  probable  that  the  amount  of  energy 
radiated  varies  with  the  fourth  power  of  the  absolute  tempera- 
ture. The  heat  ^Qr  radiated  per  unit  of  surface  per  unit  of 
time  by  a  body  maintained  at  a  constant  absolute  temperature 
T  is  then  given  by  the  equation 

A<2«  =  *r'. (431) 

in  which  i^  is  a  constant,  which  depends  on  the  character  of  the 
material. 

The  net  loss  of  heat  from  the  body  by  radiation  is  not  given 
by  this  equation  however.  As  any  radiating  body  must  be  sur- 
rounded by  others  with  definite  temperatures,  it  must  be  receiving 
radiant  energ>*  as  well  as  sending  it;  hence,  the  net  result  of  such 
an  interchange  would  be  a  loss  or  gain  of  heat  equal  to  the  dif- 
ference bet^'een  that  sent  and  that  received.  On  this  basis  the 
net  heat  lost  per  unit  of  time  by  unit  surface  of  a  body  main- 
tained at  temperature  Ti  (abs.),  radiating  to  another  parallel 
surface  maintained  at  lower  temperature  T*  (abs.),  and  with 
ixicuous  space  between  the  two  surfaces,  would  be 

IQrx  -  kT,'  -  kT,*  =  k  (Ti*  -  r,*).     .     .     (432) 

which  is  known  as  Stefan*s  Lau\ 

(d)  Since  the  radiant  energ>%  like  light,  travels  or  radiates  in 
all  directions  from  the  surface  of  the  body  which  ser\'es  as  its 
source,  equations  like  those  just  given  must  be  used  with  a  certain 

*  The  name  "radiuni  heai^^  is  often  given  to  what  is  here  called  rmdiant  energy. 
It  is  not  adopted  in  this  book  because  of  the  confusion  of  ideas  wfakh  may  result 
from  its  use;  see  yi)  of  this  section- 


BEAT  TlLiNSFER  631 

linount  of  care.  The  radiating  and  receiving  surfaces  may  be  so 
arranged  that  all  enei^y  lost  by  one  is  received  by  the  other  (in 
which  case  Eq.  (432J  applies),  or  they  may  be  so  arranged  that 
part  of  the  energy  is  not  caught  (and  Eq.  (432J  should  then  be 
modi  lied). 

!n  Fig.  402  the  hot  surface  under  consideration  is  supposed 

>  be  a  small  area  5  in  the  plane  ab,  which  is  of  infinite  area 

bfld  has  the  same  temperature  throughout 

Hie  plane  AB  is  a  similar  one  of  infinite 
miforni  but  lower  tern- 


Fig.  401. 


/•-i-^. 


Fig.  A°i- 


tlent  having  £ 

srature.      It  is  obvious   that   the   solid 

igle  4,  representing  the  extreme  angle  with  which   the   rays 

om  surface  S  strike  plane  AB,  approaches  180"  as  a  limit,  and 

lat  all  energy  radiated  from  5  must  be  intercepted  by  AB  or 

iss  through  it.     In  such  case  the  hot  surface  .Sis  said  to  "see" 

ithing  but  the  cold  surface  and  the  radiant  energy   received 

om  Sby  the  cold  surface  is  given  in  Eq.  (431). 

If,  however,  the  surfaces  are  arranged  as  in  Fig.  403,  in  which 

le  cold  surface  is  again  represented  by  AB,  it  is  evident  that 

the  solid  angle  tjt  is  considerably  less  than 

180°.     All  rays  from  S  passing  outside  of 

this  angle  miss  the  cold  surface  entirely  and 

are  lost  in  the  space  beyond.     The  part  of 

the  total  radiant  energy  intercepted  by  the 

cold  surface  would  then  be  equal  to  that 

iven  by  Eq.  (431}  multiplied  by  the  ratio  of  the  solid  angle  i 

O  the  solid  angle  180°.     Xolc,  however,  that  this  docs  not  give 

the  net  heat  lost  by  the  hot  surface,  for  this  will  be  all  that  can 

be  lost  through  the  solid  angle   iSo"  minus  all  that  is  gainixl 

through  that  same  angle.     Other  cases  can  be  analyzed  in  ximilar 

manner,   the  amount   of   radiant   energy    received   by  a   body 

depending  on  the  angle  <p. 

(t)  The  condition  of  the  surface  of  a  body  delcrmines  to  a 
isidenible  extent  the  rate  at  which  it  will  give  olT  or  abnorb 
iant  enei^-.  Dull  black  surfaces  arc  excellent  nidtators  and 
Polished  metallic  suHaces  arc  very  poor  in  both 
ipects. 

(f)  Some  few  substances  are  practically  (ran»paFcnt  10  radiant 
',  that  is.  they  allow  practically  all  ot  it  to  pan*  thruugb 
structure  without  absorption,  ]>ut  all  absorb  morv  or  (cm. 
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Every  substance  will  absorb  radiant  energy  with  the  same  wave 
lengths  as  that  which  it  radiates,  and  the  theoretical  limit  of 
transparency  to  radiant  energ>'  would  be  attained  with  a  body 
which  radiated  energ\-  of  one  \^-a\'e  length  only  and  hence  ab- 
si>rlHxl  radiant  energ>'  of  that  wa\'e  length  only. 

Mt>si  solid  substances  radiate  energy  of  many  difTerent  wave 
lengths  and  absorb  in  an  equally  broad  fashion.  Gases  on  the 
other  hand  radiate  energ\'  of  only  one  or  \'ery  few  wave  lengths 
and  are  pri>portionately  transparent  to  radiant  energy. 

{g)  la  the  case  of  two  dull  black,  parallel  surfaces  of  the 
svune  material  and  with  \*acuous  space  between,  Eq.  (432)  will 
give  the  approximate  net  number  of  B.t.u.  of  radiant  energy 
interv^hanged  per  hour  per  square  foot  of  surface,  if  k  has  the 
value  of  alx)ut  16  X  io~**.  the  temperatures  being  on  the  Fah- 
renheit scale.* 

No  i\\il  Kxly  has  exactly  the  properties  of  the  ideal  black  one, 
but  SiX>ted  and  lamp-blackened  surfaces  generally  approach  the 
ideal  case  within  5  per  cent  or  less. 

(h^  In  connection  with  Eq.  v4sP^  it  should  be  noted  that  even 
if  the  two  radiating  surfaces  are  so  arranged  that  each  "sees" 
only  the  other.  kT,*  ^-ill  represent  all  the  heai  lost  by  body  i, 
but  kTt*  will  not  necessarily  represent  all  lost  by  body  2.  by 
radiation  in  the  direction  toward  body  i:  this  would  be  true 
cM\ly  it  the  \ibrations  caused  by  both  parallel  surfaces  were 
exactly  alike. 

J^  In  o.^niKx^tion  with  the  subject  of  heat  radiation  it  may  be 
well  :o  call  attention  to  an  anomalous  expression  in  common 
env:ineerini:  us.ige.  -Ml  apparatus  which  is  maintained  at  a 
lemjx^rarure  hijiher  than  that  of  the  surrounding  atmo^ihere 
K>se<  hca:  to  the  latter  athI  this  k^s  is  commonly  spoken  of  as 
hea:  u><:  by  'radiation.""  As  a  matter  of  fact  ooK-  part  of  it 
is  Iv^:  in  such  manner,  the  major  portion  being  clissipared  by 
a.^n\\x::or.,   and    a   smaller   port    by  cooducticHi   tfaroo^   the 

304.   Heat  Trusfa-  in  Engine«riQg  Appsntas.      a    TW  three 

v::>::r.v::   :':x':hvxi>  o:   hci:   transfer  so  far 


•  y  .-  .:;-:::->i  ii:so-iSji«:c  :l  Oif  5;i"r  oct  foe  B-:£l  :.  tT.  S.  Bqrbk  « 
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tally  found  existing  separately  in  any  actual  engineering  prob- 
lem, for,  in  general,  all  three  methods  of  transfer  are  operating 
^t  the  same  time.  Nor  does  the  engineer  as  a  rule  have  to  deal 
■rith  heat  transfer  in  or  through  but  one  substance,  or  from  a 
Bingic  simple  substance  to  another  single  simple  substance.  In 
[eneral.  his  problems  are  so  complicated  that  in  the  end  it  is 
bund  simpler,  in  tlie  present  state  of  knowledge,  to  design  by 
Jie  use  of  empirical  or  semi-empirical  equations  rather  than  to 
tiiempt  a  rational  treatment  of  each  case. 

(b)  An  idea  of  the  sort  of  problems  which  occur  can  be  given 
y  considering  a  single  case  analogous  to  practice  and  developing 

the  ideal  equations  for  it,  in  so  far  as  this  can  be  done. 

Imagine,  for  example,  a  sheet  of  metal  separating  two  mediums 
^t  different  temperatures,  as  is  shown  semidiagrimmaticillj  m 
SFig.  404,  in  which  6  is  a  section  through  the 
metal  perpendicular  to  its  surfaces  bb'  and  cc' 
while  A  and  C  represent  sections  through  the 
mediums   on   each   side   of    the   plate       The 
jotted  lines  aa'  and  dd'  represent   isothermal 
fclanes  in  these  mediums,  the  material  m  plane 
iving  a  temperature  i\,  and  that  m  plane 
'  having  a  lower  temperature  / 
From  what  has  already  been  said  aljout  con- 
duction, it   is  evident   that  heat  will  flow    or 
;  conducted,  from  the  plane  aa'  through  the 

3  and  C  to  the  plane  dd'  so  long  as  the  tempera- 
lire  difference  is  maintained.  If  the  only  method  of  heat 
msfor  be  assumed  to  be  conduction,  the  heat  flow  can  be  cal- 
lulaled  by  Eqs.  {428)  and  (429). 

(c)  The  problem  of  conduction  may  be  considered  to  be  the 
determination  of  the  amount  of  heat  which  can  be  made  to  flow 
by  the  temperature  difference  (fi  —  /-),  through  the  three  prisms 
with  lengths  Sj,  &%  and  Jj  inches,  arranged  in  series  as  shown  in 

rspective  in  Fig.  405  (o).  in  which  the  planes  aa'  and  dd'  are 
■milar  to  those  in  Fig.  404. 

J  (d)  Investigating  now  in  detail  the  assumed  problem  of  heat 
pnduction  in  connection  with  Fig.  405  (a) ,  it  is  evident  that  there 
Buat  be  a  constant  drop  of  temperature  along  the  length  h\,  if 
Bt  is  Rowing  along  this  first  prism.  This  is  showi*  graphically 
y  the  line  from  ti  to  t^  at  (6)  in  the  figure,  the  temperatures  being 
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represented  bv  ordinace?  abox-e  an  arbicrar\*  chosen  line  which 
is  not  shown.  The  temperature  drops  steadily  from  a  value  ti 
at  the  plane  aa'  to  a  value  :»  at  the  surface  bo'. 

A:  this  surface  there  is  an  abrupt  and  marked  temperature 
cr.-^o  to  ;*'  which  is  necessiarv*  to  ox-ercome  the  surface  resistance 
ar.c  n'.ake  the  heat  enter  the  second  medium,  for  careful  experi- 
n:er.:  shows  :ha:  a  surface  otters  a  certain  resistance  to  heat  flow, 
as  ::  is  round  that  a  temperature  drop  must  occur  at  a  surface 

to  cause  heat  to  enter  any  g:i\-en  mate- 
rial. This  so-called  ss^r-'tzc^  c  contact 
'^s:s:c%^'i  is  octen  compared  with  that 
ottered  ry  a  join:  in  an  electrical  dr- 
ou::.  Bu:  while  there  are  points  of 
reserr.Slince,  there  are  also  many  dii- 
:erer.ves  S^rreen  the  two  cases,  heco^ 
the  rwirallet  sh-xiki  cot  tw  carried  too 
£ar. 

There  is  thee  a  sceacy  drop  through- 
oc:  the  les^th  *•  oc   the   si 
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which  Ru  Rt  and  R3  are  the  resistances  of  the  paths  5,,  it  and 
,  and  R'  and  R"  are  the  contact  resistances  of  the  planes  bb' 
id  ctr'  respectively.  Then,  remembering  that  iinil  cross  section 
las  been  assumed,  and  that  R  =  S-Sa,  ihis  equation  may  be 
ritten 


AQ^ 


6i 


1 


(434) 


-  +  4-  +  - 


1  which  subscripts  are  used  as  in  Eq,  (433)  aid  the  symbols  have 
iie  same  meaning  as  in  Eq.  (428)  excepting  that  no  idea  of 
tngth  is  attached  to  the  specific  heat -conductivities  a'  and  a". 
Evidently  the  total  cottductivily  per  unit  area  is  the  reciprocal 
[  the  denominator  in  Eq.  (434).  If  this  is  represented  by  K, 
len  for  any  area  5,  the  equation  becomes 

^Q  =  KSe (435) 

(f)  Such  equations  as  Eq.  (434)  or  (435)  can  of  course  be 
lived  for  any  given  case  if  the  values  of  the  specific  conductivi- 
ies  (a)  or  the  total  conductivity  {K)  are  known;   but  in  any  real 

ise  such  a  calculation  would  be  of  little  value  as  heat  transfer 
ill  also  be  produced  simultaneously  by  radiation  and  convec- 

lon,  the  latter  generally  being  farced  to  a  certain  extent.     So 

t  is  the  effect  of  convection  in  most  engineering  problems 

lat  it  is  often  the  most  important  consideration  as  can  be  well 

lown  numerically.     If  heat  is  transferred  from  a  metal  plate  to 

[uiescent  water  under  such  conditions  that  convection  currents 
■e  practically  eliminated,  the  amount  of  heat  transferred  per 
|uare  foot  per  hour  per  Fahrenheit  degree  difference  of  tem- 
;rature  will  be  of  the  order  2.8  B.t.u.  (=  ai).  If  on  the  other 
md  the  water  be  in  violent  motion,  or  in  ebullition  so  as  to 
sist  convection  as  much  as  possible,  the  heat  transferred  may 
;  of  the  order  1500  B.t.u, 

(g)  It  hafi  already  been  seen  that  stagnant  gases  and  water 
lave  conductivities  several  hundred  times  poorer  than  metals. 
Hence  the  stagnant  film  of  fluid  that  adheres  to  the  surfaces  of 
the  metal  plates  increases  greatly  the  difficulty  of  heat  trans- 
mission to  and  from  such  plates.  These  surface  films  may  t 
[Cgardcd  as  being  consiiluted  of  the  molecules  <: 

the  microscopic  irregularities  of  the  plate's  surf 
vhich  they  entangle  or  retard.     They  act  j 
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which  prevent  the  hotter  particles  of  one  fluid,  and  the  colder 
particles  of  the  other,  from  coming  in  contact  with  the  plate. 
Obviously  violent  agitation  of  the  fluids  tends  to  destroy  or  re- 
duce the  thickness  of  the  Alms  and  thus  makes  the  conditions 
more  favorable  for  heat  transmission.  Therefore  the  more  \'io- 
lent  the  circulation  or  convection  currents  (within  reason)  the 
more  rapid  will  be  the  heat  transfer  per  square  foot  of  surface; 
and  this  is  not  only  because  of  the  effect  on  the  film,  but  also 
because  the  hotter  portions  of  the  fluid  are  brought  to  the  plate 
at  a  more  rapid  rate.  If  gas  and  ^^ter  are  the  two  fluids,  as  in 
the  steam  boiler,  the  temperature  drop  A/i  (in  Fig.  405  (b))  neces- 
s;iry  to  pass  the  heat  through  the  gas  film  is  relati\-ely  ver>'  much 
greater  than  the  drop  \it  through  the  metal  of  the  plate  and 
tha>ugh  the  water  film;  in  some  cases  it  may  represent  98  per 
cent  of  the  difference  between  the  temperatures  of  the  hot  gas 
and  the  water. 

The  important  part  pla>*ed  by  such  films  can  be  shown  by 
an  example:  If  a  bunsen  flame  is  placed  below  a  metallic  vessel 
ciMitaining  IxMling  water  the  flame  will  not  quite  touch  the  metal 
but  will  spnwd  out  into  a  sheet  at  a  distance  of  about  ^  to  ^  of 
an  inch  trv>ni  the  plate.  Because  of  its  high  conducti\'it\-  the 
plaio  on  the  ^us  side  can  be  only  a  iew  degrees  higher  in  temper- 
aturv  than  the  water,  hence  through  the  \-er>-  short  distance  of  A 
to  ^V  of  an  inch  there  must  be  a  drop  of  temperature  from  that 
ol  a  bunsen  flame  to  a  value  only  slighth-  abo\'e  that  of  water 
IxMling  at  atmvx>pheric  pressure. 

h'  S^>mo  of  the  diifioulties  which  arise  in  actual  engineering 
prv^hlenis  invoKinj:  the  transmission  of  heat,  and  the  reason  for 
usii^j:  empirical  or  >emi-<*mpirical  formulas,  will  now  be  apparent. 
rhc>^"  pr\>Mems  are  still  funher  cvKnpHcaied  by  the  coatings  oc 
<\m!o,  jiTvase,  500t.  p^unt  and  other  material  on  the  surfaces  c*J  :be 
:ra!".>:v.:>5>:on  i^Iates  and  bv  :he  relatix-e  directioos  of  the  now  d 
:ho  !:u:v:>  v^r.  :he  opposite  sides  of  the  plates.  The  effect  oi  this 
r:v^w  vv.r.  be  ar.alyred  >;u::e  accurateiv  as  m-ili  be  sieen  in  the  suc- 
v^^xv.i::*:  ><x^::v^r.>-  I:  will  f.r>t  Se  discits:*il  ia  a  general  way  and 
.a.vT  ...v*  n.«& . .»c ..4«&<.«v.a«  * rea ■...^ec «  ^ ..i  r^  ^ct^'ec,  m  rooce  ^p&^aix. 

3v>5.   EffectiT^ness  of  Heat  TrtnsoDuttm^  Soffacrs.      a    It 

ha>  Sxr.  ?<xr.  :ha:  :he  rare  vX  tronscnissjoc  ot  heat  throcz^  a 
puiie  vieivocs  cinecdy  oq  the  ci5erec!C«  biecw^oen  the  tempeia- 
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ares  of  its  two  surfaces.  Obviously  when  the  temperatures  of 
:  fluids  on  either  side  of  the  plate  are  maintained  constant, 
the  temperature  drop  is  the  same  at  all  points  over  the  surface, 
•  tlie  rate  of  transmission  and  effectiveness  of  surfaces  is 
uniform  over  the  whole  area.  But  when  there  is  flow  of  one  or 
loth  of  the  fluids,  the  conditions  are  quite  diiTerent. 

(b)  Imagine,  for  instance,  that  the  tube  in  Fig.  406  is  sur- 
»unded  with  boiling  water  (temperature  constant)  and  that  hot 
[as  flows  from  a  to  b,  becoming  cooler  as  it 
progresses.  Then  the  average  tempera- 
Aire  drop  (difference  of  temperature)  (fl„,) 
through  the  wall  back  of  surface  5i  is 
reater  than  that  {0^,)  at  surface  Si,  and 
his  latter  is  greater  than  that  (9„,)  at  sur- 
face Si  and  so  on  through  the  length  of  the 
tube.  With  a  tube  of  infinite  length  the  gas  could  theoretically 
be  cooled  to  the  temperature  of  the  water  and  the  temperature 
difference  at  the  end  6  would  be  zero.  Thuse„,>e»,>flm,>.  .  -  $m, 
end  each  portion  of  the  surface  is  less  effective  than  those  pre- 
ceding and  more  so  than  those  following.  The  nearer  the  tem- 
>erature  of  the  gas  approaches  that  of  the  water  the  less  effective 
s  the  adjacent  heating  surface,  although  it  costs  as  much  i>er 
iquare  foot  as  the  more  effective  portions.  Hence,  as  was  seen 
I  Sect  261(c),  there  is  in  each  case  some  particular  extent  of 
inirface  which  will  give  the  greatest  financial  return. 

Obviously  as  the  curve  of  temperature  change  of  the  gases  is 
ttot  straight,  the  mean  temperature  difference  for  the  surface 
1  whole  is  not  one-half  the  sum  of  the  initial  and  final  differ- 
ences. Before  the  case  can  be  analyzed  mathematically  it  will 
be  necessary  to  find  the  true  value  of  the  mean  temperature 
jllifference. 

(c)  Besides  the  foregoing  case,  the  cold  fluid  may  flow  and  the 
hot  one  may  be  at  constant  temperature,  or  both  the  cold  and 

t  fluids  may  be  flowing  and  the  currents  may  be  either  in  the 
ame  direction  or  in  opposite  directions.  In  each  of  these  addi- 
tional cases  die  temperature  difference  varies  over  the  surface^ 
but  the  methods  of  variation  are  quite  dilTerenl  from  t 
described  in  Ihe  preceding  paragraph.  All  thvse  i 
;f»nsidered  in  detail  in  later  sections. 

(d)  In  al!  cases  of  heat  transmission  throu) 
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fluids  to  cold  ones  it  may  be  noted  that,  neglecting  radiation 
losses,  the  heat  surrendered  by  the  hot  fluid  must  equal  that 
received  by  the  cold  one  and  must  also  equal  that  flowing 
through  the  intervening  material ;  hence 

CHWH{Ta-n)=:AQ^CcWc(h-ta).    •     •     (436) 
in  which 

AQ  =  heat  transmitted  in  a  unit  of  time. 

Ch  and  Ce  =  the  specific  heats  of  the  hot  and  cold  fluids. 
Wh  and  We  =  weights  of  the  fluids  flowing  per  unit  of  time. 
/o  and  h  =  temperatures  of  cold  fluid  at  ends  a  and  b  (Fig. 

406). 
Ta  and  Tt  =  temperatures  of  hot  fluid  at  ends  a  and  b  (meas- 
ured on  the  same  temperature  scale  as  that 
used  for  /«  and  fe).* 

If  the  object  is  to  have  the  cold  fluid  abstract  a  certain  quantity 
of  heat  A^  in  a  given  time  with  initial  temperature  /«,  it  may  be 
accomplished  with  large  weight  Wc  of  material  leaving  at  low 
temperature  fei  or  by  a  small  weight  leaving  at  high  tempera- 
ture, and  similarly  in  regard  to  the  quantity  of  heat  supplied 
by  the  hot  fluid.  Obviously  the  final  temperature  attained 
by  either  fluid  may  be  controlled  by  regulating  the  weight  of 
material  flowing  per  unit  of  time. 

(e)  Again,  in  all  cases  of  heat  transmission  (neglecting  radia- 
tion losses),  the  heat  given  up  by  one  medium  and  received  by 
the  other  must  equal  the  conductivity  of  the  path  multiplied  by 
the  area  of  surface  transmitting  heat  and  by  the  temperature 
difference,  as  in  Eq.  (435).  However,  in  case  one  or  both  fluids 
flow,  the  temperature  difference  is  not  constant  but,  as  has  just 
been  seen,  varies  from  point  to  point,  hence  a  mean  temperature 
difference  dm  must  be  used.     For  all  conditions,  then, 

AQ  =  KSOm (437) 

in  which 

A^  =  heat  transmitted  (B.t.u.  per  hour) 

=  heat  lost  by  hotter  medium 

=  heat  gained  by  cooler  medium. 

*  r  is  not  here  used  to  represent  absolute  temperature  but  merdy  that  of  the 
hotter  medium  measured  on  the  same  temperature  scale  as  /.  Its  use  avoids  the 
employment  of  primes,  additional  subscripts,  or  other  complications  that  woold 
be  necessary  to  distinguish  between  the  temperatures  of  the  hot  and  cold  bodfal 
if  the  same  letter,  such  as  /,  were  used  for  both. 
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K  =  conductivity  of  heat  path  (B.t.u.  per  sq.  ft.,  per  hr., 

per  °  F.). 
S  =  total  surface  (sq.  ft.). 
6m  =  mean  temperature  difference  (°  F.) 
=  0  when  no  flow  occurs. 

(f)  But  before  Eq.  437  can  be  used  0^  must  first  be  deter- 
mined. As  will  be  shown  later  it  is  given  for  all  cases  by  the 
equation  \       >, 

inwhich  '-snm '«« 

0a  =  temperature  difference  at  end  a  of  the  surface. 
0b  =  temperature  difference  at  end  b  of  the  surface. 

Therefore,  no  matter  what  the  conditions  of  flow, 

306.  Cases  of  Heat  Transmission  through  Plates,  (a) 
There  are  five  cases  of  heat  transmission  through  plates,  and 
Eqs.  (436)  to  (440)  apply  to  all  of  them.  They  will  be  described 
briefly  in  this  section  and  in  more  detail  later. 

(b)  Case  I.  (T  =  const.)  A  hot  substance  at  constant  tem- 
perature T  surrenders  heat  to  a  flowing  cold  substance^  whose  tem- 
perature t  is  increased.  Surface  condensers  and  feed  water 
heaters  are  examples  of  this  case,  for  in  both  of  these  heat  of 
the  exhaust  steam  (at  constant  temperature)  T-c«n«t 

is  surrendered  to  water  which   is   raised   in 
temperature   as  it  flows   through  the   appa- 
ratus.    This  case  is  shown  by  the  curves  in 
Fig.  407,  in  which  ordinates  are  temperatures 
and   abscissas  are   extent   of   surface.      The      ^     Fig!' 40-. 
upper  curve  is  for  the  hot  fluid  and  the  lower 
for  the  cold  one,  the  flow  being  toward  the.right.     It  will  be  seen 
that  the  final  temperature  of  the  cold  body  depends  on  the  total 
length  of  surface,  and  that,  as  the  flow  progresses,  the  tempera- 
ture /  of  the  cold  medium  gradually  approaches  that  {T  =  const.) 
of  the  hot  fluid,  and  the  temperature  difference  and  value  of  the 
surface  (per  square  foot)  becomes  less. 
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The  efficiency  of  the  heating  surface  is  evidently 

Ef .  =  Heat  transmitted  -^  maximum  amount  absorbable 
CcWc  (da  -  6,)      0.  -  6, 


CcWcSc 


e. 


(441) 


(c)  Case  n.  (/  =  canst.)  A  substance  at  constant  tempera- 
ture (/)  receives  heat  from  a  hotter  flowing  substance  whose  tempera- 
ture  (T)  decreases.  An  example  of  this  is  the  steam  boiler,  in 
which  the  boiling  water  (at  constant  temperature  /)  receives 
heat  from  the  hot  gases  which  decrease  in  temperature  T  as 

they  progress.  This  case  is  the  reverse  of 
Case  I,  and  Eq.  (441)  applies  except  that 
ChWk  would  be  substituted  for  CcWc.  Fig. 
408  is  the  diagram  for  this  case. 

(d)  Case  m.  Parallel  Flow.  The  term 
is  understood  by  engineers  to  mean  parallel 
flow  in  the  same  direction  on  opposite  sides 
of  the  plate.  The  hot  and  cold  substances  both  flow  in  the  same 
direction,  their  temperatures  converging  nearer  to  equality  as  they 
progress,  as  shown  in  Fig.  409  in  which  the  arrows  show  the 
direction  of  flow. 

With  finite  surface  the  heat  transmitted  is  CkWk  (Ta  -  Tb) 
=  CcWc  {th  —  ta)'     If  the  object  is  to  absorb 


Fig.  408. 


\ 


heat,  the  maximum  amount  which  the  cold 
fluid  could  receive  is  CcWfia,  and  the  Com-   0^ 
parative  Efficiency  (to  be  used  in  comparisons 
with  other  cases)  is  therefore  & 

CcWc  (tt  -  ta)      th  -  ta 


CEfc  = 


CcWA 


e. 


(442) 


Fig.  409. 


But  if  the  object  is  to  cool  the  hot  fluid  the  maximum  amount  of 
heat  that  could  be  surrendered  is  ChW/jBa  and  in  that  case  the 
Comparative  Efficiency  is 

ChWh  (Ta  -  n)    Ta  -  n 


CEfH  = 


ChWhS, 


e. 


(443) 


No  matter  how  extensive  the  surface,  J",,  in  the  figure,  is  the 
limit  of  temf)erature  to  which  the  hot  fluid  can  be  cooled  and 
the  cold  one  heated.  The  heat  available  for  trans»nission  is 
ChWkBa  (or  CcWSa)  and  with  infinite  surface  only  the  part 
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XW\(t.  -  T.).    or    cm  (T,  -  U).    could    be 
Hence  the  maximum  possible  efiiciency  is 

Bfk  =  (r,  -  T.)  ^e..   .    .    . 
Ef.  =  (n  -  (.)  -5-  ff».     ... 


sair 

I- 


■  ■  -  (444) 
.  ■  ■  (445) 
nrhich  is  less  than  that  attainable  in  any  of  the  other  cases.  It 
■ould  therefore  appear  that  this  arrangement  should  always  be 
livoided'.  however,  if  only  a  relatively  small  portion  of  the  avail- 
able temperature  head  6a  is  to  be  utilized,  parallel  Row  may  be 
advantageously  used,  as  under  these  conditions  it  requires  less 
heating  surface  (and  hence  the  initial  cost  is  less)  to  produce  the 
same  result  than  is  required  in  some  other  arrangements.  (_ 

(e)  Case  IV.     Counter  Jlcne.     The  hot  and  cold  substances  flow 
I  opposite  directions,  the  temperature  of  the  Jormer  approaching 
[Af  lowest  temperature  of  the  latter,  and  vice  versa,  as  they  proceed. 
i  is  shown  in  Fig.  410,  in  which  the  directions  of  flow  are 
shown  by  the  arrows,  7"„  being  the  initial  tem- 
perature of  the  hot  fluid  and  tb  being  that  of 
the  cold  one.     The  relation  between  the  heat 
absorbing,  or  surrendering,   capacities  of  the 
two  fluids  is  given  by  the  ratio  of  Cm  to  CnW* 
and  this  determines  whether  the   two  curves 
diverge  or  converge  or  are  parallel.     With  inji' 
I      ff fie  surface  it  can  be  shown  that  the  hot  medium 
^brould  be  cooled  to  the  initial  temperature  /i,  of  the  cold  one  if 
^Rritn''k  <  C.Wr.  or  the  cold  medium  will  be  raised  to  the  initial 
^pemperature  T^  of  the  hot  fluid  if  CcW,  <  Culfji;  and  in  this  ideal 
case  the  efficiency  is  unity,  since  all  the  heat  possible  is  trans- 
mitted with  the  materials  in  question.     Hence  the  only  limit  to 
the  efficiency  is  the  extent  of  the  heating  surface.     But  a  com- 
1  of  Fig.  410  with  Fig.  409  will  show  that  the  mean  tem- 
perature head  is  less  with  counter  current  flow  than  with  parallel 
low,  hence  to  accompli.'^h  the  same  degree  of  heating  (or  cooling). 
Did  to  obtain  the  same  efliciency.  more  extensive  surface  (at 
ater  cost)  is  required.     Counter  current  apparatus  is  thcre- 
i  characterized  by  high  possible  efficiency  and  by  economy  of 
mount  of  heating  or  cooling  material,  as  an  offset  for  the  greater 
rface  necessary. 
I  (f)  CaSeV.     (7*  and  t  both  constant.)     Transmission  of  heal 
1  a  hoi-fluid  of  constant  lemperaturt  {J^  to  a  cold  one  which 

•  Fig.  ^lo  is  for  C,ir„  >  atV*.    If  CcW,  <  C^Wk  then  ft,  >  fl.. 


J 
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•••••:"-.^:vT. 


:zz2 


■fj9f/tff/*ffff*f/M.-/.ffrffV/f*ff*rr/ftf/y/'firf>f.'n 


'^9^=-=^=^=^ 


tb 


remains  at  constant  temperature  (/).  The  vacuum  pan  is  an  ex- 
ample of  this  case,  since  the  latent  heat  of  the  steam  (at  constant 
temf)erature)  furnishes  the  heat  for  evaporating  (at  constant 
temperature)  the  other  medium. 

(g)  The  mathematical  treatment  of  these  five  cases  will  now 
be  discussed  in  the  succeeding  sections.* 

307.  Case  I.     (T  =  Const.)    A  Hot  Substance  at  Constant 
Temperature  Surrenders  Heat  to  a  Cold  Fluid  which  Flows. 

(a)  Assume  the  conditions  shown  in  Fig.  411  and  imagine  that 

Wc  pounds  of  the  cooler  material 
flow  over  the  small  surface  bS  in  a 
given  time  and  that  as  a  result  their 
temperature  is  rajsed  an  amount 
5/  (  =  3^).  Then,  if  the  specific  heat 
of  the  cooler  material  be  Cc,  the 
heat  bQ  absorbed  from  the  area  hS 
't6   per  unit  of  time  is 

bQ=  CcWM  =  CcWc*he; 

but  this  must  equal  the  heat  trans- 
mitted through  bS  in  the  same  time, 
hence 

5(2=  {T-t)K*bS  =  0K-bS, 

in  which  T  and  /  are  average  tem- 
peratures (to  same  scale)  over  55 

and  the  other  symbols  have  the  same  significance  as  in  Sect.  305. 

Equating  the  two  values  of  bQ  in  the  two  preceding  equations 


5S 


Fig.  411, 


gives 


CcWc'bd  =  dK*bS, 

K 


J^<»  bS 
b    6       CcW, 

Integration  of  this  gives 

,      Oa       KS 

^^'Jb^CWc 


£ 


ss. 


(446) 


which,  rearranged  and  multiplied  by  (da  —  Ob)  becomes 
*  These  sections  may  be  omitted  in  a  briefer  study. 
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Now  from  Fig.  411  it  is  seen  that  (da  —  Ob)  =  (fc  —  /o)  hence 

CcWc  (Oa  -  Ob)   =   CcWc  ik  -  ta)\ 

but  the  last  member  of  this  equation  is  A^,  hence  the  equation 

above  becomes  ta   ^  a\ 

^0-K5i^(^ (447) 

which,  in  connection  with  Eq.  (437),  shows  that 

"-^log'.co./k) ^^^^ 

as  given  in  Eq.  (438). 

(b)  For  certain  purposes,  however,  it  is  more  convenient  to 
write  the  value  of  0m  in  another  form.  From  Fig.  411  it  is  evi- 
dent that  Ba  =  (T  —  ta)  and  Bh  —  {T  —  4),  substituting  which  in 
Eq.  (448)  and  simplifying  gives  the  more  useful  expression 

0-=    ^'^tu (449) 

Transforming  Eq.  (446)  gives 

I = '°^'"' (^3 = "^''^^'''"''^ = "•  •  •  •  (450) 

where  n  is  the  number  whose  Naperian  logarithm  is  KS/CcWc, 
as  given  by  the  Log.  Tables  in  the  Appendix. 

Hence  for  any  extent  of  area  5,  the  temperature  difference  at 
the  end  6,  in  terms  of  the  known  value  at  end  a,  is 

Bb  =  Ba-^n; (451) 

and  by  taking  different  extents  of  area  5  and  solving  for  the  cor- 
responding values  of  Bb  data  may  be  obtained  for  plotting  curves 
which  show  how  the  temperature  difference  varies  as  the  flow 
progresses,  for  given  values  of  K,  Cc  and  Wc. 

(c)  The  efficiency  of  heat  transmission  (neglecting  losses)  for 
this  case  was  given  in  Eq.  (441).  Substituting  the  value  of  Bb 
from  Eq.  (451)  gives 

A/  =  —^ —  =  — ^ —     ^  "■ ;; '  •    •    •    (452) 

Ua  Va  n 

from  which  the  values  of  the  efficiencies  corresponding  to  dif- 
ferent extents  of  area  S  can  be  readily  computed  in  any  given 
case,  and  the  data  thus  obtained  can  be  used  for  constructing  a 
curve  to  show  the  variation  graphically. 
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308.  Case  n.  (t  =  Const)  A  Substance  at  Constant  Tem- 
perature (t)  Receives  Heat  from  Another  Flowing  Substance 
whose   Temperature   Decreases.    This  is  the  case   shown  in 

Fig.  412  and  is  the  reverse  of  Case  I. 
The  treatment  is  similar  to  the  last 
|t6  case  except  that  T,hT  and  ChWh  are 
substituted  for  /,  ht  and  CcWc.  AQ 
is  given  by  Eq.  (447)  without  change 
and  Bm  by  Eq.  (448). 

Since  in  this  case  Ba  =  {Ta  —  /)  and 
fc  =  (7\  —  /),  substitution  of  these 
quantities  in  Eq.  (448)  gives 


^m  = 


log* 


(453) 


Fig.  412. 


Paralleling  Eq.  (450) 

^./^6  =  ^<^^/^*^*>=n,    (454) 

where  n  is  the  number  whose  log,  is  (KS/ChWk).     Using  this 
value  of  «,  Eqs.  (451)  and  (452)  can  be  applied  to  this  case. 

309.   Case  m.    Parallel  Flow  in  the  Same  Direction,     (a) 

This  case  is  shown  by  the  cur\'es  in  Fig.  413.     As  in  the  previous 
cases  the  heat  lost  by  the  one  mate- 
rial in  passing  any  area  equals  that   a V7^.  r^.7r~>w ^i  ■  w/zav. v ■vww^Ab 
transmitted   through   the  wall  and 
also  equals    that    received    by  the  ^ 
second  material  (neglecting  losses). 
Therefore,  for  an  infinitesimal  area, 
dS  in  the  figure, 

dQ  =  dTCnWH  =  StCcWc     .     (a) 

and  for  the  entire  area 

IQ  =  inCHlW  =  A/bCIFo    (b)  ^^ 

where   A 7*6   and   Afe  are  the  total 

charges  in  the  temperatures  of  the 

hot  and  cold  fluids.     It  is  also  evident  from  Fig.  413  that  for 

surface  55 

and  that 


8T+6t  =-  {6-6')  =  86 
^n  +  6t  +  Mt  =  6a. 


(rf) 
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Equations  (a)  and  (c)  may  now  be  used  to  derive  two  more 
which  will  be  of  value  later.     From  (a) 

STCkWk  -  BtCcWc  =  o, 

and  multiplying  Exj.  (c)  by  CeWe  gives 

BTCcWc  +  StCcWc  =  deCcWc. 

Adding  these  last  two  equations  and  solving  gives,  for  the  small 
area  6S,  q  ^ 

which  will  be  used  later. 

By  analogy  it  is  also  evident  that  for  the  total  area  5 

CM. 


^^»      ^  "  aW\  +  CcJF, 


I 

Substituting  now  in  Eq.  (ft)  the  value  of  ATj,  just  found  gives 

AQ  ^  (..  -  e.)  c^g^f  ^V> (^) 

which  will  also  be  used  later. 

(b)  Returning  now  to  fundamentals,  it  is  evident,  as  in  pre- 
vious cases,  that 

SQ  =  BTCkWk  =  Ke '  SS. 
From  which 

ST/0=(K'SS)/{ChWh). 

Substituting  for  ST  its  value  from  Eq.  (c)  and  rearranging  gives 


e 


and  integrating  between  the  limits  a  and  b  yields 

Multiplying  both  sides  by  (^o  —  Ob)  and  rearranging  gives 

But  from  Eq.  (g)  it  is  seen  that  the  left-hand  member  is  A^, 
hence,  as  in  the  other  cases, 


y 
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Comparison  with  Eq.  (437)  shows  that 

as  in  the  other  cases. 

From  Eq.  (A)  /c^w^+CkWtx 

=-ea^n (458) 

where    n    is   the   number  whose   log*   is   KS  i    %  w  •-■  ixr  *f 

This  last  equation  makes  it  possible  to  determine  Ob  when  Ba  and 
5  are  known. 

(c)  From  Fig.  413  it  is  apparent  that  AT^  =  {Ta  —  T^. 
Substituting  this  in  equation  (/),  putting  Bh  =^  Ba  -^  n,  and  solv- 
ing  gives        _       _,  /^       i\(        C.W.       \      .  ,      . 

And  by  analogy  /        .x/        r.ur.        \ 

Then  if  Bi,  =  o,  which  occurs  when  5  =  oo ,  Tb  becomes  equal  to 
tb  and  equal  to  the  limiting  temperature  T,.     Thus 


or  Tx  =  ta-\-  Ba 


Since  the  maximum  amount  of  heat  that  can  be  transmitted 
is  (Ta  —  Tx)  ChWk  =  {Tx  --  to)  CcWcj  the  true  efficiency  is  there- 
fore, in  the  ideal  case, 

TFf  =  (T^a  —  Th)  CkWk  ^  {Tg  —  Th)  r.s 

•^*       (Ta  -  Tx)  ChWh      {Ta  -Tx)'     '     '     '     ^"^    ^ 

'TTPr  Of*   "~   ^o)   CcWc  tb  —   ta  /./i^\ 

As  given  in  Eqs.  (443)  and  (442)  the  comparative  efficiency 
(for  comparison  with  the  other  cases)  is 

CEf,  =  ^^^^ (464) 

or  CEf.  =  !LZA (465) 

depending  on  whether  the  object  is  to  cool  the  hot  fluid  or  to 
heat  the  cold  one. 
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310.  Case  IV.  Counter  Flow,  (a)  This  case  is  shown  in 
Fig.  414,  the  directions,  in  which  the  temperature  curves  are 
generated  being  shown  by  the  arrows.  Compared  with  the 
other  cases  it  is  a  little  more  difficult 


L 


to  develop  usable  equations  for  this  „  f^^t^-^  ^^ ^=r>:gl^-^.i-^  ^ 
sort  of  flow  because,  in  general,  only     ^~ir:^-^gg:^£;^^^^^ 
the  initial  temperatures  Ta  and  h  at  ^ 
opposite  ends  of  the  plate  are  known 
and  both  da  and  6b  are  unknown. 
(b)  As  in  previous  cases,  however, 

6Q  =  BTChWh  =  KB '  SS    .     (a) 

=  dtCcWc (6) 


Hence 


dt/dT  =  ^Sr  =  ^, . 


{€] 


CcWc 

the  symbol  Z  being    introduced   as 

this  ratio  will  be  frequently  used  in 

the  following  development.     From  the  figure  it  is  seen  that  the 

change  in  temperature  difference  over  any  elementary  area  8S  is 

Substituting  for  St  in  terms  of  57^  from  Eq.  (c)  and  solving  gives 

6T  =  86/  (i  -  Z)  , (d) 

If  this  is  substituted  in  Eq.  (a)  there  results,  after  transforma- 

which,  being  integrated  between  limits  a  and  6,  gives 


^""^'k^hi^^' 


(466) 


which,  after  both  sides  are  multiplied  by  (Oa  —  6b)  and  rearranged, 


gives 


(Ba  -  Ot) 


CkWh       KSiOa-e,) 


(467) 


I  -  z     log.  (e„/(?»)  •    •   •    • 

(c)  From  the  figure  it  is  further  apparent  that 

An  +  06  =  M.  +  Oa; 

and  from  Eq.  (c),  by  analogy  A/a  =  ZATb, (c) 

*The  analysis  given  is  for  Z  <  i.  If  Z  >  i,  then  in  Fig.  414  $h  >  9a  and 
St  >  $1.  For  this  case  substitute  (9j  —  ft)  for  (0,  -  9,),  (il  -  iT)  for  (iT  -  «), 
(Z  —  i)  for  (i  —  Z),  fli/fla  for  0a/8b,  and  (9b  —  8a)  for  (»o  —  «i). 
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substituting  from  which  in  the  last  equation  and  solving  gives 

Now  AQ  =  ^ThChWh  and  substituting  the  value  of  AJi  just 
found  gives  x.  rj^ 

AC=(^«-^6)£^. {d 

(d)  Returning  now  to  Eq.  (467)  and  comparing  with  Eq.  (g), 
it  is  obvious  that  the  left-hand  men^ber  is  equal  to  AQ,  hence 

and  0^0. 

These  expressions  are  evidently  the  same  as  in  the  other  cases. 
However  they  are  not  of  value  until  Oa  and  Oh  have  been  deter- 
mined, either  by  the  methods  which  will  now  be  given,  or  from 
actual  experiment  with  existing  apparatus. 

(e)  From  Eq.  (466)  it  is  evident  that 

uzIks 
Oa/Sb  =  <;  ^»'^»       =  n, (470) 

I  —  Z 

in  which  n  is  the  number  whose  Nap.  log  is  ^  ,..   KS.     Sub- 

stituting  the  value  of  db  from  this  equation  in  Eq.  (/)  gives  * 

An  =  Oa(i-i)-^(i-Z) (A) 

From  Fig.  414  it  can  be  seen  that  A/a  =  {Ta  —  fc  —  Of  substi- 
tuting which  in  Eq.  (e)  and  solving  gives 

An   =    (Ta  -   /6  -  ea)/Z (t) 

Now  subtracting  Eq.  (i)  from  Eq.  (h)  and  solving  gives 


1  -zr        •   • 


by  which  the  temperature  difference  at  one  end  can  be  deter- 
mined in  terms  of  known  quantities. 

*  For  Z  >  I  the  footnote  on  p.  647  applies  up  to  this  point.     Change  (A)  to  be 

ATb  =  da  (n  —  1)  -i-  (Z  —  1)  and  in  (471)  substitute  {^3 ^  y)^°  ^^  paren- 
thesis. 
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(f)  With  9o  known,  the  valuo  of  Oi,  follows  from  Eq.  (470);  AQ 
l^nd  0„  can  be  determined  from  Eqs.  (468)  aod  (469):  and  the 
■  final  temperatures  of  cold  and  hot  fluids  are 

/.  =  (r.  -  fl„) (472) 

md  n  =  ((,-)-  (?.) (473) 

(g)  It  is  important  to  note  that  the  expressions  in  (f)  can  be 
ised  only  to  determine  the  conditions  at  the  ends  a  and  b  or  over 


ore  length  of  area  S.    They  cannot  be  used  for  interme- 
Jdiate  points,  that  is,  for  plotting  the  curves  T^Tt  or  Ut  and  the 


311.  Case  V.  (T  =  const.  &  t  =  coast.)  A  Hot  Substance 
JBuirenders  Heat  at  Constant  Temperature  to  a  Cold  Substance 

liose  Temperature  is  Constant,     (a)    This  case  is  exemplified 

1  vacuum  pans  in  which  steam  at  constant  temperature  (7^ 
wrrenders  some  of  its  latent  heat  to  evaporate  a  solution  at 
»nstant    temperature    (0-     The    type   of   apparatus   which    is 

Enown  a&a  "single  effect  vacuum  pan"  is  illustrated  in  Fig.  415 

t  one  of  its  many  forms  and  arrangements. 

I  (b)  In  such  case  ff^  =  (T  —  I)  and  ihe  heat  transmitted 
hrough   the  heating  surfaces  is  AQ  =  KS$„  from  Eq.   (437). 
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Neglecting  losses,  the  weight  of  steam  condensed  in  unit  time 
b>'  an  amount  of  heat  equal  to  AQ  is  obviously 

"f.-AQA (474) 

where  r  U  the  latent  heat  of  steam  at  temperature  T^F.;  and 
the  weight  of  solution  evaporated  in  unit  time  is 

IV.  -  iO  I*.  -  (/.  -  32)1 (475) 

where  Xt  is  the  total  heat  (above  32°)  per  pound  of  the  vapor 
formed  at  temperature  /  from  the  solution,  and  tt  is  the  tem- 
perature at  which  the  solution  enters  the  vacuum  pan, 

^cl  The  vapor  (at  temperature  d)  from  the  solution  in  one 
\-acuum  pan  may  be  used,  as  in  Fig,  416,  to  vapcHize  (at  lower 


tonipcratun.'  :.■■  the  i^^lution  in  ,1  Siecond  \^cuum  pan,  the  latter 
aotini;  a*  oi>ndensor  lor  the  first  element:  the  \'apcM'  from  the 
s*>.-i>iui  {vin  ^at  tomporaturt.' ;-  may  be  similariy  used  to  e%-apo- 
rau-  at  lower  temiierature  .')■  the  solution  in  a  third  pan.  and 
r«.i  on.  [ho  \-a[X>r  from  the  Urt  pan  being  carried  to  a  coodenser. 
When  ntorx'  than  one  pan  is  thus  used  the  arrangentent  b  tenned 
■  "miilti:*le  olftvt,"  Arrangements  are  called  "douUe  effccl," 
"trii^lo  oiTtvi,"  "quadruple  effevi."  and  so  00  acrotdli^  to  the 
numl*er  of  rvins  in  the  series.  In  Fig.  416  the  weak  solntioii  is 
,nira:;;t.\i  at  /  to  the  iirst  pktn  frv>m  which  it  is  fed  at  proper  rate 
!hrv»;i^h  v.ilvcs  >"■  and  V;  to  the  other  ones.  The  strong  soJb- 
tio:;  j>  wi:hJra»Ti  from  the  respectix-e  pans  at  ,4.  B  and  C. 
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CHAPTER   XXXVI. 

APPARATUS   FOR   HEATING   FEED    WATER. 

312.  Object  of  Heating  Feed  Water,  (a)  The  principal 
tdvantages  to  be  derived  from  healing  the  feed  water  supplied 
Bi  boiler  are: 

(0  A  decrease  in  the  amount  of  fuel  required  to  generate  the 
steam,  hence  an  increase  in  the  over-all  efficiency  of  the  plant; 
[2)  less  severe  strains  in  the  boiler  metal,  as  there  is  less  differ- 
ence of  temperature  between  boiler  shell  and  the  fresh  feed  water; 
<3)  the  partial  deposition  outside  of  the  boiler  of  scale-forming 
mpurities  contained  in  the  water;  and  (4)  an  increase  in  the 
>teaming  capacity  of  the  boilers  as  less  heat  need  be  transmitted 
»er  pound  of  steam  generated. 
(b)  An  idea  of  the  saving  of  fuel  derived  from  the  use  of  hot 
liler  feed  can  be  obtained  by  analyzing  an  average  case.  As- 
ime,  for  instance,  that  the  water  as  received  at  the  plant  has 
average  temperature  of  60°  F.  with  q  =  28.08  and  that  it 
converted-  into  steam  at  a  pressure  of  150  lbs.  abs.  (with 
Ik  =  1193-4),  thusrequiring  theaddition  of  1193.4  —  28.08  =  1164 
B.t.u.  (approx.)  per  pound.  Assuming  the  specific  heat  of 
water  as  unity,  every  11-64  (say  12)  degrees  by  which  the  tem- 
Kfature  of  the  water  is  raised  before  its  introduction  into  the 
toiler  means  1  per  cent  less  heat  to  be  added  in  the  boiler,  which 
Rrould  roughly  correspond  to  a  saving  of  1  per  cent  of  fuel. 

Expressed  as  a  formula,  the  theoretical  saving,  due  to  using 
hot  feed  water  at  temperature  1/  instead  of  cold  at  temperature 
^  in  a  boiler  generating  dry  saturated  steam  is  approximately: 


_   g/     -   ?/  V 


.  .   (476) 

bove    32°  F. 


per  cent  saving  =  ^ —  X  100, 

in  which  ^  '  ^^ 

2/'  =  sensible    heat   of    the    hot    feed  water 

=  ('/'  -  32)  approx., 
g/  =•  sensible    heat    of    the    cold    feed    water   ahmv    32' 

=  ('/  -  32)  approx., 
X  =  total  heat  of  steam  above  32°  F.  at  btwler  pf 
6s> 
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If  the  steam  is  superheated  in  the  boiler,  the  saving  is 


Qf    —  Qf 

per  cent  saving  =  ^     ^^ 


CpD  +  X  -  2, 


X  loo.    .     .     (477) 


The  savings  in  per  cent  resulting  from  different  amounts  of. 
feed-water  heating  with  different  initial  temperatures  for  the 
case  of  saturated  steam  are  shown  diagrammatically  in  Fig.  417. 
These  are  obtained  by  the  method  just  given. 

(c)  Inspection  of  these  curves  will  show  that  if  water  at  as 
low  a  temperature  as  40**  F.  is  raised  to  a  temperature  of  200**  F., 


60 


w. 


f  Por  Steam  Prearare  at  175  Lb«.OaaKe) 


iO  to  80  100  IM  140  160 

Initial  Temperature  of  Feed  WateK^F.) 


M 
10 


180 


Fig.  417. 

i.e.,  through  a  range  of  i6o°  F.,  the  saving  will  be  slightly  over 
13  per  cent;  and  a  change  from  60°  to  180°  effects  a  saving  of 
about  10  per  cent  of  the  fuel  that  would  otherwise  be  needed. 

As  the  boilers  do  not  have  to  transmit  as  much  heat  i>er  pound 
of  steam  generated  from  preheated  feed  water  as  from  cold 
water,  smaller  or  fewer  boilers  may  be  used  for  a  given  output, 
when  other  considerations  permit. 

313.  Feed-Water  Heaters  in  General,  (a)  One  method  of 
heating  the  boiler  feed  water  is  by  using  for  that  purpose  some 
of  the  latent  heat  in  the  exhaust  steam  from  a  steam-driven 
prime  mover  (as  has  already  been  explained  in  Section  297),  the 
apparatus  in  which  the  transmission  occurs  being  called  a  Feed- 
Water  Heater,  or  an  Exhaust  Steam  Feed-Water  Heater. 


APPARATUS   FOR   HEATING   FEED   WATER  653 

(b)  If  w  pounds  of  steam  are  utilized  for  heating  per  pound 
f  raw  feed  water  which  is  at  temperature  //,  then 

(V -'/)  =  «' [X-(V- 32)]  XE/. 

which  //'  =  temperature  finally  attained  by  the  feed  water 
and  condensed  steam, 
X  =  total  heat  above  32°  of  i  lb.  of  steam  used  for 
heating,  and 
Ef  =  efficiency  of  heater. 

'hen  the  temperature  of  the  feed  water,  when  w  lbs.  of  steam 
e  used  per  pound  of  feed,  is 


id  to  attain  a  temperatu 
T  pound  of  raw  feed  is 


i  +  wEf         .     ■     ■     ■ 
s  of  //'  the  weight  of  steam 


-£/. 


(478) 
■equired 

(479) 


iX-  U/  -  32)\ 

In  the  foregoing  it  has  been  assumed  that  the  condensed  steam 
finally  cooled  in  the  heater  to  the  temperature  of  the  outgoing 
water.     Any  error  which  is  thus  introduced  is  corrected  by 
e  efficiency  factor. 
(cj  //  Ike  condensed  steam  is  not  returned  to  the  boiler  with 

he  feed,  this  expression  for  w  also  gives  the  maximum  propor- 
of  the  total  steam  generated  which  can  be  utilized  for  heat- 

ig  an  equivalent  weight  of  feed  water.     For  example,  if  fe«d 
ter  at  60°  is  heated  to  212"  F.  by  steam  from  an  engine  cx- 

austing  at  atmospheric  pressure,  and  if  Ef  =.90,  the  maximum 

osslble  weight  of  steam  so  utilized  is  found  to  be  about  17  per 
or  about  frth  of  all  that  is  available.     It  is,  of  course,  de- 

trablc  that  the  heat  in  ihc  remaining  portion  (|)  should  be 
ilized  in  some  other  way  as  far  as  is  possible. 
In  plants  in  which  the  main  units  are  operated  condensing,  the 
ixiliary  engines,  which  generally  use  lesis  than  I  of  tlic  total 
are  operated  noncondcnsing  and  their  rxhaUNl  Rteam  1m 
ilized  for  feed  heating.  TTiis  results  in  greater  thermal  cffi- 
;ncy  of  the  plant  as  a  whole  (han  would  i-xiat  if  the  auxilJarin 
•re  connected  to  the  condenser,  unce  all  rite  hear  of  the  nlcam 

ot  used  for  power  is  then  theorcticilly  rcturnwj  to  (lit  boiler, 
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(d)  When  the  condensed  steam  (at  //')  is  returned  to  the  boiler 

with  the  feed,  the  total  weight  of  feed  per  pound  of  raw  feed 

is  (i  +  w),  and  the  proportion  of  raw  to  total  is  i/(i  +  w), 

where  w  is  the  weight  of  steam  condensed  per  pound  of  raw  feed, 

as  given  by  Eq.  (479).     Then  the  steam  condensed  per  pound 

of  total  feed  water  is 

w'  =  w/{i  +w) (480) 

which  is  the  maximum  proportion  of  the  total  steam  generated 
that  can  be  utilized  for  feed  heating  in  such  cases. 

(e)  If  the  heater  is  located  in  the  exhaust  system  between  the 
prime  mover  and  the  condenser,  it  is  called  a  (i)  Vacuum  Heater, 
and  the  maximum  temperature  which  the  feed  water  can  theoreti- 
cally attain  is  that  corresponding  to  the  vacuum.  When  located 
in  the  exhaust  system  of  a  noncondensing  unit,  it  is  termed  an 
(2)  Atmospheric  Heater ^  and  the  theoretical  temperature  attain- 
able with  sufficient  steam  is  212°.  Should  the  heater  take  steam 
from  the  auxiliary  apparatus  of  the  power  plant  it  may  be  named 
an  (3)  Auxiliary  Heater.  If  the  condensate  from  the  main  units 
is  not  used  as  feed  and  there  is  not  enough  steam  from  the 
auxiliary  apparatus  to  raise  the  temperature  to  the  maximum 
otherwise  attainable,  the  vacuum  and  auxiliary  heaters  are 
sometimes  arranged  in  series  — '■  the  water  first  passing  through 
the  former,  which  is  then  called  a  (4)  Primary  Heater^  and  finally 
through  the  latter,  which  becomes  the  (5)  Secondary  Heater. 
When  the  pressure  of  the  steam  used  for  heating  is  considerably 
above  atmospheric,  the  apparatus  is  a  (6)  Pressure  Heater, 

When  the  arrangement  is  such  that  the  feed  water  and 
steam  intermingle  in  the  same  chamber  the  heater  is  said  to 
be  of  the  (7)  Open  Type;  ahd  when  the  two  substances  are 
kept  separate  by  heat-transmitting  surfaces  it  is  of  the  (8) 
Closed  Type. 

314.  Open  Heaters,  (a)  Heaters  of  this  type  are  generally 
in  the  form  of  rectangular  boxes,  or  circular  shells,  fitted  with 
coarse  cascading  or  spraying  devices  to  break  up  the  water  as 
it  passes  through  and  thus  bring  it  into  more  intimate  contact 
with  the  steam.  They  usually  contain  a  filtering  bed  or  settling 
chamber  in  which  the  solids  carried  in  suspension  or  in  solution 
are  more  or  less  completely  removed  after  heating.  When 
necessary,  they  are  also  fitted  with  oil  separators  in  the  steam 
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I  inlet  for  removing  the  cylinder  oil  from  the  steam  before  it  comes 
1  in  contact  with  the  water.  This  oil,  if  carried  over  to  the  boiler. 
I  vould  seriously  reduce  the  transmission  of  heat  in  that  apparatus 


Fig.  418.  — Open  Heater. 

I  and  might  even  cause  overheating  of  the  metal  parts  subjected 

I  to  high  temperatures.     Two  of  the  great  variety  of  heaters  of 

I  this  type  are  shown  in  Figs.  418  and  419.  the  water  level  in  the 

tatt^  being  automatically  regulated  by  a  float. 


Fig.  419.  — Open  Heater. 

(b)  The  main  advantages  of  Open  Atmo.sphcric  Heaters  are: 
Hi)  the  feed  water  can  be  heated  nearly  lo  212°  F.  if  sufBdi 
Bteam  is  available,  and  surplus  steam  can  be  utilized  for  b 
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buildings  and  in  industrial  processes  where  conditions  permit; 
(2)  scale  and  oil  do  not  affect  the  surrender  of  the  heat ;  and  {3) 
the  hot  condensed  steam  is  returned  to  the  boiler  with  the  raw 
feed,  but  should  be  purified  of  oil  (if  any  is  brought  over  from 
the  engine  cylinder  by  the  steam). 

The  open  heater  may  be  arranged,  as  in  Fig.  419,  to  include  in 
its  structure  (a)  an  oil  separator,  which  is  usually  located  in  the 
exhaust  pipe  at  entrance  to  heater,  (b)  a  filter  for  removing 
sediment,  part  of  which  may  be  precipitate  brought  down  by 
heating,  and  (c)  a  hot  well,  which  may  also  receive  the  returns 
(condensate)  from  systems  for  heating  buildings  and  such.  As 
the  feed  water  is  hot  and  at  pressure  near  atmospheric  these 
heaters  should  be  located  above  the  feed  pump  and  this  latter 


should  be  suitable  for  pumping  hot  water.  If  the  raw  water  is 
not  available  under  sufficient  head  to  flow  into  the  heater,  a 
second  or  cold-water  pump  must  be  added. 

(c)  The  proportion  of  the  total  steam  generated  that  can  be 
used  for  heating  the  feed  water  is  obtainable  from  Eq.  (479), 
being  about  Jth  in  ordinary  cases,  and  the  saving  of  fuel  effected 
is  given  by  Eq.  (476)  or  (477),  the  maximum  being  about  gth. 
Fig.  420  shows  in  full  lines  the  energy  stream  for  a  power  plant 
having  all  units  exhausting  to  atmosphere  but  using  as  much 
waste  heat  as  is  possible  in  a  feed-water  heater;  and  in  dotted 
lines  it  illustrates  the  same  case  when  no  heater  is  used.  In  the 
first  case  the  over-all  thermal  efficiency  is  A  B  and  in  the  second 
A  B'.  the  heat  supplied  to  the  prime  mover  being  C  in  both 
cases. 

(dl  If  the  main  engines  are  condensing,  and  the  steam  from 
steam-driven  auxiliar>-  apparatus  Is  used  for  feed  heating,  the 
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Stream  line  is  thai  illustrated  in  Fig.  421  by  the  heavy  lines,  A 
is  the  heal  utihzcd,  B  js  the  heat  value  of  the  fuel  used,  C  is 
the  heat  supplied  to  the  main  and  auxiliary  engines,  and  the 
ratio  A/B  is  the  over-all  thermal  efficiency. 


Fig.''4: 

But  if  the  auxiliaries  are  power  driven,  the  energy  being  fur- 
nished by  the  main  units,  then  the  case  is  shown  in  the  same 
figure  by  the  dotted  lines;  the  useful  output  is  A  (as  before). 
B'  is  the  heat  value  of  the  fuel  used,  and  C  is  the  heat  furnished 
to  the  main  units,  its  amount  being 
less  than  C  because  the  water  rates 
of  the  larger  units  are  lower  than 
those  for  the  small  auxiliary  engines. 
The  over-all  thermal  efficiency  in  this 
case  is  A/B'  which  is  less  than  when 
the  auxiliaries  are  driven  by  steam  and 
their  exhaust  is  used  for  feed  heating. 


315.  Closed  Heaters,  fa)  Heaters 
of  this  type  are  so  arranged  that  the 
steam  does  not  come  in  contact  with 
the  water.  They  are  genenilly  con- 
structed with  straight  or  coiled  tubes 
contained  in  a  shell  of  some  sort,  with 
proper  provision  being  made  for  in- 
equalities in  expansion.  The  water 
generally  passes  through  the  tubes  or 
coils  and  the  steam  fills  the  envelop- 
ing space,  the  condensation  being  d; 


-  Closed  Heater. 


ined  off  as  it  collects.     Thej 
three  most   common  of   the   many   possible  arrangement! 
shown  in  Figs.  422  to  424. 


6s« 
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{b)  Closed  heaters  are  comparatively  difficult  to  clean  as  a 
larjio  part  of  the  impurities  in  the  water  is  deposited  on  the  inside 
of  tho  tubes  and  forms  a  coating  similar  to  boiler  scale.  To 
i\>uiuoract  this  effect,  the  water  is  often  forced  through  the 
tuln^s  at  enormously  high  velocity,  tending  to  keep  them  clean 
by  "sa)uring.'*  However  the  power  required  for  pumping 
places  a  practical  limit  to  the  velocities  used  and  the  method  is 
only  ^xirtly  sucxx^ssful.  If  the  steam  contains  oil,  and  it  is  not 
riMuovixl  In^fon*  entering  the  heater,  the  tubes  will  become  coated 


Sir«ni 


t;^ 


4:n 
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F^-  4.'^.  — Ck«cii  Hfarer. 
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■ally  2  d^jees  or  more  below  the  steam  temperature,  which 
,tter  depends  on  the  pressure  of  the  steam  used. 

(d)  In  all  such  cases,  the  auxiharj-  apparatus,  such  as  heaters, 
lould  be  so  piped  that  when  out  of  commission  the  steam  can  be 

lausted   to  atmosphere  direct,  and   the   feed  water  can  be 
ty-passed  around  ihe  heater.     The  piping  is  therefore  arranged 
imewhat  as  in  Fig,  425,  5  and 
'  being  the  steam  and  water 
^■pass  valves  which   are  nor- 
lally  closed. 

(e)  The    saving    effected    by 
osed  heaters  can  be  found  from 

,  (476)  and  (477),  the  tem- 
erature  attained  by  the  feed 
ater  is  given  by  Eq.  (478),  and 
le  proportion  of  the  total  steam 
eneraled,  that  can  he  used  for 
eating  the  raw  feed,  is  given  by 
q.  (479). 

(0  The  heat  transmission  fails  under  Case  I  of  Sections  (306) 
id  (307).  The  mean  temperature  head  is  given  by  Eqs. 
j8)  or  (449)  and  the  number  of  stjuare  feet  of  heating  surface 
in  be  found  from  Ec).  (440)  when  K  is  known.  For  feed-water 
^ters  K  varies  widely  with  the  kind  of  material,  character  of 
irface  (scale,  oil  film,  corrugations,  etc.),  with  the  velocity  of 
>w  of  feed  water  and  with  other  factors.  It  ranges  ordinarily 
ith  copper,  or  brass,  tubes  from  175  with  velocity  of  12J  feet 
T  minute  and  single  pass,  to  250  with  velocity  of  50  ft.  per  min. 
id  multipass;  with  a  velocity  of  150  ft.  per  min,  through  coils 

reaches  300  B.t.u.  per  square  foot  per  hour  per  degree  differ- 
ice  in  temperature,  while  under  very  favorable  conditions  much 
[gher  values  are  attainable. 

(g)  Closed  heaters  with  copper  tubes  are  sometimes  rated  in 
rms  of  "heatrr  korse  power,"  J  square  foot  of  surface  being 
lowed  per  rated  horse  power.  On  this  basis,  if  Ihe  steam 
is  atmospheric  and  if  K  =  192,  the  30  lbs.  fapprox.)  of 
ed  water  required  per  so-called  boiler  horse  power  will 
eated  from  60"  lo  194°  (134°  increase)  by  the  J  square  foot  c 
trface — or  i  sq.  ft.  will  heat  about  90  lbs,  of  water  (thea 
squired  for  3  boiler  h.p.)  through  this  temperattinei 
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316.  Economizers,  (a)  The  function  of  the  economizer  is  to 
abstract  a  portion  of  the  heat  from  the  tlue  gases,  and  to  deliver 
it  to  the  feed  water  on  its  way  to  the  boiler,  thereby  somewhat 
reducing  the  large  loss  c  in  Fig.  3,     The  energy  stream  for  this 


Fig.  426- 


case  is  shown  by  the  full  lines  in  Fig.  426,  in  which  the  case 
without  the  economizer  is  that  with  dotted  lines,  the  boiler  per- 
formance being  assumed  to  remain  unchanged.  For  the  same 
boiler-output  the  fuel  used  is  in  the  ratio  of  B  to  B'. 


Fig.  417.  — EcoQomixer. 


(b)  One  form  of  economizer  is  shown  in  Fig.  427.  The  appa- 
ratus  usually  consists  of  nests  of  staggered,  vertical,  cast-iroa 
tubes  fitted  into  top  and  bottom  headers  (with  metal  to  metal 
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Fig.  438. 


joints),  each  set  of  headers  being  connected  together  by  longi- 
tudinal branch  pipes  having  handholes  which  give  access  to  the 
interior  for  washing  out  deposits.  In  the  upper  headers  are 
ted  removable  lids  opposite  the  ends  of  the  lubes  in  order 
Ive  access  to  the  latter,  and  power -driven  scrapers  constantly 
love  along  the  external  surfaces  of  the  tubes  to  remove  the 
eposit  of  soot,  the  scrapings  falling  to  a  pit  below,  from  which 
hey  are  withdrawn  from  time  to  time.  The  water  is  preferably 
itroduced  at  the  end  farthest  from  the  boiler  and  discharged 
rom  the  nearer  end;  for  its  direction  of  flow  is  then  counter  to 
!iat  of  ihe  flue  gases,  thus 
btaining  the  counterflow 
(  Case  IV,  discussed  in 
rhapter  XXXV.  The 
etting  is  either  of  brick 
ir  of  sheet  steel  lined  with 
mconducting  material 
magnesia  or  asbestos) ; 
le  arrangement  of  flues 
such  (see  Fig.  428)  that 
he  gases  from  the  boilers  can  be  by-passed  direct  to  the  stack 
rhen  the  economizer  is  out  of  commission,  and  the  water  can  be 
elivered  direct  to  the  boiler. 

(c)  In  some  instances  the  flue  gases  are  cooled  from  ordinary 
tack  temperature  of  550°  to  650°  K.  to  as  low  as  240°  F.  and  the 
rater  is  heated  to  270°  or  more ;  temperatures  much  higher  than 

ui  be  obtained  with  an  atmospheric  feed-water  heater.  But 
>cause  the  temperature  of  the  stack  gases  is  low  and  because 
the  additional  resistance  in  the  flues  due  to  the  presence 
the  economizer  tubes,  the  natural  draft  must  generally  be 
isisted  in  some  manner.  Hence,  in  connection  with  the  finan- 
al  problem  involved,  the  cost  of  such  draft  apparatus  and 
be  annual  expenses  chargeable  against  it  must  be  added  to 
he  chaises  against  the  economizer  itself,  including  those  for  the 
pace  it  occupies  and  the  power  required  for  driving  the 
crapers.  As  the  economizer  occupies  a  great  deal  of  space  it 
i  frequently  placed  either  above  the  boiler  or  outside  of  the 
milding. 

(d)  In  addition  to  the  four  advantages  accruing  in  nil  c 
rom  heating  feed  water,  as  given  in  Seciim      1 
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mizer  has  (5)  a  great  reserve  of  hot  water  near  the  vaporizing 
point,  ready  to  meet  sudden  demands  on  the  boiler;  (6)  its  use 
may  make  it  possible  for  the  boiler  itself  to  operate  with  higher 
efficiency,  and  (7)  it  is  esp)ecially  advantageous  when  the  boilers 
are  being  forced,  for  then  the  flue  gases  are  hottest  and  the 
stack  waste  is  ordinarily  the  greatest.  Owing  to  the  higher  tem- 
perature attained  by  the  water,  some  scale-forming  materials 
aretdeposited  which  are  not  precipitated  in  atmospheric  feed 
heaters. 

(e)  If  the  counterflow  principle  is  used  in  the  economizer 
the  equations  of  Section  310  apply.  A  simple  approximation 
can  be  made  however  by  assuming  the  two  curves  in  Fig.  414  to 
be  straight  lines,  then,  at  the  middle  of  the  curves, 

e„  =  {Ta  -  An/2) - (/6  +  A/a/2)  =  Ta  -  /6  -  H^n  +  A/J.     (a) 

But  CjjGATi,  =  wMa (b) 

where  Cp  =  specific  heat  of  gas  (=  0.24), 

G  =  weight  of  gas  per  boiler  h.p.-hr., 
w  =  pounds  of  water  per  boiler  h.p.-hr. 
Solving  (b)  for  A  7^6  and  substituting  in  (a)  gives 

e^=  Ta-k-hAta{i+w/GCp).     .     .     .     (c) 

But  the  heat  absorbed  in   the  economizer  by  the  water  used 

per  boiler  horse  power  is  ^  =  wAta^  hence  Eq.   (437)  becomes 

(per  boiler  h.p.) 

wMa  =  KSSn, (d) 

Substituting  the  value  of  dm  from   (c)   and  solving  gives  the 
increase  in  the  temperature  of  feed  water  as 

A/o  =  7 — Y  ^^  \     (approx.).      .     (481) 


w      /w  +  GCp\ 
K^\   2GCp  I 


In  practice  S  ranges  from  2\  to  5  square  feet  per  boiler  horse 
power.  Corresponding  to  gas  temperatures  of  300**  and  600*^  F. 
respectively  K  has  values  of  about  2\  and  3J  B.t.u.  per  square 
foot  per  degree  difference  of  temperature  per  hour.  The  weight 
of  water  {w)  per  boiler-horse-power  hour  is  generally  taken  at 
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about  30  lbs.;  and  the  weight  of  gas  (G)  per  boiler-h.p./hr.  as 
G=  (I  +  ii.6x)  XF, 

where  x  =  excess  coefficient, 

F  =  weight  of  combustible  per  boiler-h.p./hr. 
=  3  to  4  lbs. 

G  is  ordinarily  from  80  to  120  lbs.  per  boiler  h.p./hr. 
Then  the  final  temperature  of  the  feed  water  is 

//  =  /6  +  A/a (482) 

and  the  final  temperature  of  the  flue  gas  is 

n  =  ra-An,  .....   (483) 

in  which  An  =  ^; (484) 

and  if  w=  30,  G  =  80,  and  Cp  =  0.24 

An  =  1.56  A/a (485) 

(f)  The  per  cent  saving  effected  by  raising  the  feed  temperature 
by  the  amount  A/a  may  be  obtained  from  Eqs.  (476)  and  (477)  by 
substituting  A/a  for  the  numerator.  The  actual  saving  of  boiler 
and  economizer  taken  together  may  be  still  more,  since  the 
boiler  may  have  higher  efficiency  because  of  the  better  conditions 
of  operation. 


CHAPTER  XXXVII. 

CONDENSERS  AND  RELATED  APPARATUS. 

317.  Advisability  of  Condensing.  The'  principal  advantages 
accruing  from  the  use  of  condensers  in  connection  with  steam- 
driven  prime  movers  are:  (i)  Improved  thermal  efficiency  of  the 
unit  (except*  in  the  smaller  sizes) ;  (2)  greater  power  from  a 
given  size  of  prime  mover;  and,  when  the  condensate  is  used 
for  feed  water,  there  are  the  additional  advantages  of  (3)  the 
thermal  gain  from  using  hot  feed  water  and  (4)  the  freedom 
from  deposits  of  scale  in  the  boiler  because  the  feed  water  is 
distilled. 

However,  despite  the  apparent  advantages,  it  is  not  always 
desirable  to  operate  condensing,  for  financial  and  other  reasons. 
The  additional  expense  for  the  extra  equipment,  its  installation, 
attention  and  upkeep,  the  expenditure  for  condensing  water,  for 
pumps  and  their  operation,  and  the  additional  space  required  by 
the  apparatus  may  in  some  cases  wholly  offset  the  advantages.  It 
is  generally  not  considered  profitable  to  operate  condensing  with 
small  engines,  or  with  simple  engines  of  the  ordinary  tyi>es  (some 
special  types,  such  as  the  unidirectional  flow  engine,  operate 
to  best  advantage  when  condensing);  nor  should  condensers 
ordinarily  be  used  when  a  considerable  part  of  the  exhaust 
steam  can  be  employed  for  heating  or  for  industrial  purposes. 

318.  Condensers  in  General,  (a)  The  two  main  classes  into 
which  all  types  of  condensers  may  be  divided  are:  (i)  Direct- 
contact  Condensers  and  (2)  Surface  Condensers.  In  the  former, 
the  steam  and  condensing  water  mingle  in  the  same  chamber, 
while  in  the  latter  type  they  are  kept  separated  by  heat-trans- 
mitting surfaces.  In  each  class  there  are  many  different  arrange- 
ments possible  and  some  of  these  will  be  considered  in  detail 
later. 

(b)  Theoretically,  the  material  handled  by  a  condenser  is  low- 
pressure  steam;  actually  it  is  a  mixture  of  water,  water  vapor 
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idair.  Part  of  this  air  comes  from  the  boiler,  being  carried  into 
lat  vessel  in  solution  in  the  teed  water,  and  part  of  it  leaks  into 
le  system  through  the  stulRng  boxes  surrounding  the  piston 
id  valve  rods,  through  the  joints  of  pipes  and  of  such  other 
irts  of  the  equipment  as  are  handling  the  material  below  atmos- 
leric  pressure.  Also  the  water  used  for  condensing  carries  air 
solution  when  under  atmospheric  conditions,  and  in  direct-con- 
,ct  condensers  this  air  is  released  under  diminished  pressure  and 
added  to  that  which  enters  in  the  various  ways  just  outlined. 
(c)  Then,  according  to  Dalton's  law,  the  total  pressure  within 
le  condenser  Is  the  combination  of  the  pressures  of  the  air  and 
ipor,  t.  c,  it  is  the  sum  of  their  partial  pressures.  The  import- 
ice  of  this  fact  is  best  appreciated  from  an  example. 
Assume  the  temperature  within  a  condenser  to  be  ii5''F. 
hen  if  the  condenser  contained  only  water  and  saturated  steam 
t  this  temperature  the  pressure  within  the  enclosure  would  be 
,99  inches  of  mercury,  corresponding  to  a  vacuum  of  26.93 
iches.  If,  however,  every  pound  of  steam  has  mixed  with  it 
ne-quarter  of  a  pound  of  air,  which  is  not  at  all  uncommon,  the 

due  to  this  air  can  be  found  as  follows: 
One  pound  of  saturated  steam  at  a  pressure  of  2.99"  Hg.  occu- 
ies  a  volume  of  231.9  cu.  ft.  This  must  also  be  the  volume 
ccupied  by  the  0.25  lbs.  o[  air  mixed  with  it,  and  the  tempera- 
Bre  of  this  air  is  that  of  the  steam  (i  15°),  Then  from  the  law 
f  ideal  gases,  the  pressure  of  the  air  in  the  condenser  is 

p-^^  53.34  X  (U5  +  460)  ,  , 
V  4X23.. 

r  p  =  0.46  inches  of  mercury. 

Tius,  the  total  pressure  in  the  condenser  will  then  be  2.99" 
h  0.46"  =  3.45  in.  Hg.  and  the  vacuum  will  be  29.92  —  3,45 
*  26.47  ''I-  ^8'  The  back  pressure  on  the  prime  mover  is 
lightly  higher  than  this,  as  a  pressure  drop  must  exist  between 
[lat  piece  of  apparatus  and  the  condenser  in  order  to  cause  the 
team  to  flow  through  the  exhaust  pipe. 

With  one  pound  of  air  per  paund^|mf|H||||^hlJL^j>ossible 
Onditinn,  the  pressure 
liercury,  under  the  sjinn-  circura 
nly  be  25.09  inches. 

The  air  i^  thus  seen  t 


=  33.06  Ibs./sq,  ft., 
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vacuum  and  every  precaution  should  therefore  be  taken  to 
prevent  an  excessive  amount  of  it  entering  the  apparatus.  If 
allowed  to  accumulate  it  would  gradually  increase  in  pressure 
and  destroy  the  vacuum.  It  must,  therefore  be  removed  as 
rapidly  as  it  collects.  Before  it  can  be  discharged  from  the 
condenser,  however,  its  pressure  must  be  raised  to  that  of  the 
atmosphere  (or  slightly  above)  which  is  done  by  an  air  com- 
pressor or  pump  having  terminal  pressures  sufficiently  above 
atmospheric  to  effect  a  discharge.  When  this  pump  handles 
only  the  air  it  is  called  an  **Air  Pump/'  or  ''Vacuum  Pump,'' 

In  some  cases  where  the  water  is  discharged  from  the  condenser 
with  considerable  velocity,  the  arrangement  is  such  that  the  air 
is  ejected  by  the  water,  no  separate  air  pump  being  needed. 

(d)  Condensers  in  steam-power  plants  practically  always  use 
water  as  the  condensing  medium,  but  any  liquid  or  gas  that 
could  be  obtained  cheaply,  in  sufficient  quantities  and  at  a  low 
temperature,  could  be  used;  in  fact  air  has  been  so  utilized  in  a 
number  of  special  instances. 

It  is  seldom  that  water  is  available  under  a  head  sufficient  to 
cause  it  to  flow  into  or  through  a  condensing  apparatus.  It  is 
therefore  generally  delivered  to  the  condenser  by  a  **  Circulating 
Pump,''  which  may  be  independently  driven  by  steam,  by  electric 
motor  or  by  belt,  or  may  be  operated  by  links  driven  by  the 
prime  mover.  These  pumps  generally  have  comparatively  low 
lifts  and  handle  large  volumes,  hence  the  centrifugal  type  is 
commonly  used,  although  there  are  many  cases  where  the  rotary 
or  the  reciprocating  types  have  the  advantage  and  are  installed. 

In  apparatus  in  which  condensing  water  and  steam  mix  and 
form  a  vacuum,  the  condensing  water  is  often  forced  into  the 
condenser  by  the  atmospheric  pressure  acting  on  the  surface  of 
the  water  outside,  no  circulating  pump  being  used.  This  is  very 
common  practice  where  the  suction  head  is  not  over  15  feet, 
and  it  is  used  even  with  greater  heads  in  some  instances. 

(e)  The  removal  of  the  water  from  the  vacuum  chamber  of 
the  condenser  may  be  accomplished  in  several  ways.  If  the  hot 
well,  which  receives  the  condensate,  can  be  located  with  water 
level  at  least  34  feet  below  the  condenser,  the  water  can  be 
discharged  by  gravity  through  a  "Tail  Pipe,"  or  **  Barometric 
Tube,"  whose  lower  end  is  submerged  in  the  hot  well  (the 
34-foot  column  of  water  corresponding  to  a  30  inch  column  of  Hg. 
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on  the  barometer).  In  other  cases  it  is  necessary  to  have  pumps 
whicli  raise  the  water  from  condenser  pressure  to  atmospheric. 
Such  pumps  arc  called  "Tail  Pumps,"  "Hot-well  pumps,"  etc., 
when  they  handle  only  water  (and  whatever  air  it  happens  to 
have  entrapped).  In  many  instances,  however,  the  same  pump 
plunger  discharges  both  the  water  and  the  free  air,  in  which  case 
the  one  pump  serves  both  as  hot-weil  pump  and  as  air  pump, 
and  is  then  called  a  "  Wet  Vacuum  Pump  "  or  "  Wet  Air  Pump." 
(f)  Each  prime  mover  may  have  its  independent  condenser  or 
there  may  be  a  central  condensing  equipment  for  a  number  of 
uiiits.  !n  the  former  case  the  exhaust  piping  may  be  made 
short,  direct  and  wiih  few  joints;  in  the  latter,  lxK:ause  of  the 
greater  length  of  pipe  and  larger  number  of  joints,  there  is  more 
ipportunity  for  air  infiltration  and  more  resistance  to  flow,  but 
argcr  and  more  economical  auxiliaries  may  be  used. 

In  order  to  permit  of  operating  noncondensing  when  the  con- 
tcnsing  apparatus  is  out  of  commission,  the  exhaust  pipe  should 
JBoniain  a  valve  which  can  be  opened  to  the  atmosphere.  This 
valve  is  usually  arranged  to  open  automatically  when  the  con- 
denser ceases  to  operate.  To  |>ermil  of  repairs  while  the  engine 
running  there  should  be  a  shut-off  valve  in  the  exhaust  pipe 
leading  to  the  condenser;  and  should  several  condensers  dis- 
idiarge  to  a  common  main  there  should  also  be  shut-off  valves 
between  tliem  and  that  pipe. 

319.  Contact  Condensers,  (a)  There  are  several  different 
kinds  of  contact  condensers  only  a  few  of  which  will  be  described. 
That  in  Fig.  429  is  known  as  the  "Ordinary  Jet  Condenser."  * 
In  it  the  injection  water  entering  at  /and  the  steam  entering  at  S 
mingle  in  the  conical  condenser  head  B  and  the  resulting  mixture 
tit  condensate,  injection  water  and  n  on  condensable  gases  is  raised 
atmospheric  pressure  and  dischai^ed  by  the  wet  air  pump 
led  below,  the  flow  of  injection  water  being  regulated  by 
andwheel  //.  At  (a)  in  Fig.  429  is  a  diagram  of  the  piping  for 
iich  a  condenser.  U  includes  an  atmospheric  relief  valve  {A) 
'hJch  wtU  atitoroatically  open  to  the  atmosphere  when  the  valve 
F  is  closed  for  making  repairs  to  the  condenser,  or  when  the 
jracuum  is  "broken."  as  when  the  injection  water  fails. 

The  tcm  "  Jet  Condenser  "  b  also  used  as  Iwiog  sj'iuinymous  with  "  direct 
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If  the  suction  lift  for  the  injection  water  13  not  too  great  this 
water  may  be  siphoned  into  the  condenser  by  the  vacuum  after 
it  has  been  estabhshed  by  priming  and  starting  the  pump.  In 
such  cases  this  lift  may  be  as  much  as  15  to  18  feet,  provided  the 
piping  is  short  and  not  restricted.  When  the  water  is  supplied 
in  this  manner  there  is  danger  of  flooding  and  wrecking  the 
engine  in  case  the  pump  ceases  to  operate  before  valve  C  is  closed, 
or  if  it  runs  so  slowly  that  it  cannot  discharge  the  water  as  fast 
as  it  collects.     To  prevent  the  possibility  of  such  disaster  v 


Fig.  419.  — Jet  Condi 


expedients  are  adopted,  such  as  providing  a  float  (F  in  Fig.  429) 
which,  when  the  water  level  becomes  dangerously  high,  will  be 
raised  and  open  a  valve  v  to  admit  the  atmosphere  to  the  con- 
denser and  thus  "break"  the  vacuum  and  stop  the  flow  of 
injection  water. 

If  a  pump  is  used  for  the  injection  water  the  head  against  which 
it  operates  is  the  diflierence  between  the  total  head  and  that 
through  which  the  water  would  be  "drawn  "  by  the  vacuum. 
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(b)  Tho  term  "  Barometric  Condenser  "  may  be  applied  to  any 
form  of  direct-contact  condenser  having  the  barometric  tube. 
^'S-  -130  shows  one  arrangement  commonly  called  the  "  Siphon  " 
Type*  The  injection  water  entering  the  condenser  head  B 
from  pipe  /  passes  downward  in  a  thin  annular  sheet  around  the 
hollow  cone  in  the  condenser  head  and  unites  with  the  steam 
vhich   passes  through    the  cone.     The  mixture  Is  discharged 

rough  the  neck  or  throat  N  with  sufficient  velocity  to  carry 
ilh  it  the  noncondensable  gases.  A  is  an  atmospheric  relief 
live  and  His  a  handwhei-I  for  regulating  the  injection  water. 
the  water  IcvtI  L  in  the  tail 
pc  depends  on  the  vacuum 
aintained,  but  for  safety  the  tail 
pe  is  extended  34  feet  above 
le  water  level  in  the  hot  well. 
It  injection  water  is  available 
at  a  head  A  (in  the  figure)  of  not 
over  18  feet,  it  may  be  "drawn 
by  the  vacuum  after  this  has 
once  been  established  by  opening 
the  lower  \'alve  shown  dotted,  or 
in  some  other  manner,  and  in 
such  case,  the  pump  P  ca; 
dispensed  with.  At  the  fool  of  T 
Uie  exliaust  pipe  there  should  be  L 
eithcradrain.oran  "entrainer," 
the  latter  being  so  arranged  that 
the  exhaust  steam  impinges  on 
the  surface  of  the  water  which 
collected  in  a  pocket,  and 
padually  picks  it  up  in  small 
irticlcs  and  disposes  of  it  by 
itrainment-      Because   of   the 

■t  head  room  required  by  these  condensers  they  are  fre- 
ucntly  located  outside  of  the  power  house:  and  sometimes  a 
'ail  ftimp  is  substitutefl  for  the  tail  pipe,  as  in  Fig.  431. 

(c)  Fig.  431  shows  a  direct -contact  condenser  somewhat  simi- 

•  All  diirct-Mint»ct  condenser*  can  be  used  to  liphun  the  cuDden^ng  ralcr, 
Itt  the  tcnn  "  Siphon  Condenser  "  is  generally  apfiioi  only  when  Ijierc  is  the 
tck  It  ihown  in  Pig.  4J0. 


Fig.  430.    Siphon  Condenser. 


^ 
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lar  to  the  one  just  discussed  except  that  it  uses  a  "dry  ak 
pump "  for  removing  the  air.  As  the  volume  of  air  to  be 
handled  will  increase  with  its  temperature,  and  as  the  size 
of  the  dry  air  pump  will  increase  with  the  volume  of  the 
air,  the  latter  is  usually  cooled  in  some  manner  before  it 
goes  to  the  air  pump.  In  the  arrangement  shown  this  is  done 
by  passing  it  through  a  spray  of  cold  water,  in  the  upper 
part  of  the  condenser  head,  on  its  way  to  the  discharge  opening. 


Fig.  431.  —  Condepser  with  Drj-  .\ir  Pump. 

(d)  The  Ejector  Condenser,  shown  ii'i3grammatica\\y  inFig.  4J2, 
operates  on  the  same  principle  as  the  steam  ejector  which  is  used 
for  forcing  water  into  boilers  against  the  pressure  of  the  steam. 
The  injection  water  enters  at  /  and  passes  through  the  neck  of 
the  combining  tube  B.  where  it  rapidly  condenses  the  exhaust 
steam  which  passes  through  small  nozzles  in  the  n-all  of  this 
tube.  Some  of  the  heat  surrendered  by  the  condensed  \-apor 
is  converted  into  kinetic  energ>'  of  the  steam  jets  floning  through 
these  nozzles  and  the  momentum  acquired  propels  the  water 
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th  high  velocity  ihrough  the  neck.  This  velocity  is  reduced 
n  the  expanding  tube  below  so  that  the  pressure  is  raised  to 
itmospheric  when  the  end  E  is  reached. 
To  start  the  flow  of  injection  water  with  the  arrangement 
lown.  boiler  steam  may  be  admitted  through  the  starting 
live  C.  This  steam  then  issues  through  the  check  valve  D 
id  partly  exhausts  the  atmosphere  from  the  injection  pipe,  thus 
lusing  the  water  to  rise  and  enter  the  condenser.     The  valve 


Pig-  43J, — Ejector  Condenser. 

may  then  be  closed,  the  exhaust  steam  continuing  the  circu- 
,tion  of  the  water  in  the  manner  jiist  described.  The  siphoning 
f  mjeclion  water  can  also  be  started  by  admitting  high  pressure 
ater  through  the  starting  valve  C,  in  which  case  valve  D  can  be 
nitted. 

The  operation  of  the  condenser  ceases,  of  course,  when  the 
ipply  of  exhaust  steam  is  discontinued,  hence  this  arrangement 

condenser  cannot  he  used  for  intermittent  service,  nor  is  it 

.ttsfactory   if  the  load   varies  widely  and   frequently.     With 

load  the"  suction  lift  "  may  be  16  feet;  with  variable  loads 

limited  to  a  smaller  value. 
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The  combining  tube  may  be  arranged  with  adjustable  internal 
throttling  device  and  external  sleeve  to  permit  the  regulation  of 
the  water  and  steam  openings  to  suit  the  load.  Should  the 
water  contain  foreign  matter  a  strainer  should  be  located  in  the 
injection  pipe. 

If  the  condensing  water  is  supplied  under  a  head  of  20  feet,  or 
more,  a  slightly  modified  arrangement  can  be  used  and  a  more 
certain  vacuum  obtained  even  with  wide  variations  in  load. 

(e)  With  all  types  of  contact  condensers  the  weight  of  water 
required  per  pound  of  dry  steam  for  any  vacuum  is 

where  X,  =  total  heat  above  32°  F.  per  pound  of  steam  at  ex- 
haust pressure. 

5»   =  heat  of  liquid  of  injection  water,  at  temp.  Z,®  F. 

g,,  =  heat  of  liquid  of  mixture  at  temp.  /^^  F.  (A»  is 
from  5  to  15°  less  than  the  temperature  of  the 
exhaust  steam.) 

The  temperature  of  the  water  in  the  hot  well  is  practically 
that  of  the  mixture,  and  this  water  is  available  for  boiler  feed 
when  the  character  of  condensing  water  permits.  The  weight 
of  water  to  be  handled  by  the  circulating  pump  per  hour  is 
w  X  weight  of  steam  condensed  in  that  time,  and  the  weight 
delivered  by  the  discharge  pump  is  (w  +  i)  X  wt.  of  steam. 

(f)  The  principal  advantages  of  direct-contact  condensers 
are:  (i)  Their  simplicity;  (2)  low  first  cost;  (3)  low  cost  of 
upkeep;  and  (4)  small  space  required.  They  have,  however, 
certain  detrimental  features  which  in  some  instances  may  partly 
or  wholly  counterbalance  these  advantages:  (a)  If  the  in- 
jection water  is  sea  water,  or  has  scale-forming  impurities,  or  is 
otherwise  unsuitable  for  boiler  feed,  none  of  the  heat  in  the 
condenser  discharge  can  be  returned  to  the  boiler;  (b)  the  dis- 
tilled water  resulting  from  the  condensation  of  the  steam  is  lost 
since  it  is  mixed  with  the  injection  water,  whereas  with  surface 
condensers  it  is  available  for  boiler  feed;  (c)  the  temperature  of 
the  hot-well  water  used  for  boiler  feed  is  lower  than  that  from  a 
surface  condenser  of  proper  design;  (d)  it  is  more  difficult  to 
obtain  a  good  vacuum  than  with  surface  condensers,  because  of 

*  A  correction  of  from  5  to  15  per  cent  must  be  made  to  allow  for  cooling  the 
air  and  entrained  moisture  and  for  the  inefficient  heat  absorption. 
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f&e  air  introduced  by  the  injection  water;    and  (e)  lai^er  air 

■  pumps  are  therefore  required, 

320.  Surface  Condensers,  (a)  A  water-cooied  surface  con- 
I  denser  is  essentially  an  enlargement  in  the  exhaust  piping  through 
Lwhich  pass  tul>es  which  contain  the  flowing  condensing  water. 
I  If  this  water  flows  merely  from  one  tube  header  to  the  other,  the 
Capparatus  is  called  a  "single  pass"  condenser,  and  "multipass 

■  condenser  "  is  the  general  term  applied  when  the  water  flows 
[across  the  steam  chamber  two  or  more  times.     A  double-pass 

»ndenser  of  the  ordinary  type  is  shown  in  Fig.  4^3,  with  cooling 


r  flowing  from  the  lower  pan  (-4)  of  one  head  to  the  other 

Qiead  (B)  and  then  back  to  the  upper  part  (C)  of  the  first  one. 

The  arrangement  of  piping  for  a  surface  condenser  resembles 

lat  for  the  jet  condenser  in  Fig.  429(a).     In  order  to  insure 

^e  flooding  of  all  the  condenser  tubes  at  all  times  the  condensing 

'ater  is  usually  introduced  at  the  bottom  o(  the  condenser  and 

discharged  at  the  top. 

(b)  The  surface  condenser  has  certain  advantages  over  the  di- 
!Ct-cantact  type.  The  principal  ones  are  as  follows:  If  the  con- 
uisateisused  as  boiler  feed,  (i)  substantially  all  of  the  availablej 
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sensible  heat  of  the  exhaust  steam  is  returned  to  the  boiler; 
{2)  the  same  water  is  used  repeatedly,  thus  avoiding  the  ex- 
pense for  new  water  (which  is  of  importance  only  when  suitable 
water  is  difficult  to  obtain  or  when  its  cost  is  high);  (3)  the 
feed  water  is  distilled  and  free  from  scale-forming  impurities; 
(4)  less  air  is  carried  into  the  boiler  by  the  feed  water;  and  (5) 
sea  water  or  any  other  water  which  is  unsuitable  for  boiler  feed 
can  be  used  for  cooling  and  yet  the  available  sensible  heat  of  the 
exhaust  steam  is  returnable  to  the  boiler;  (6)  better  vacuums 
are  generally  obtainable  with  smaller  air  pumps  and  less  power 
for  same,  because  of  (4)  and  because  the  air  entrained  in  the 
condensing  water  is  kept  separated  from  the  steam:  and  (7) 
there  is  no  possibility  of  the  circulating  water  flooding  and  wreck- 
ing the  prime  mover. 

The  principal  disadvantages  are  the  relatively  large  (a)  first 
cost,  (6)  space  occupied,  (c)  upkeep  expense  (the  latter  being 
largely  due  to  the  corrosion  and  deterioration  of  condenser  tubes 
and  to  the  multitudinous  joints  which  must  be  maintained  free 
from  leakage),  and  (d),  in  the  case  of  steam  engines,  the  presence 
of  oil  in  the  condensate.  The  latter  item  does  not  hold  with 
turbines.  The  surface  condenser  requires  at  least  two  pumps 
(the  wet  air  and  the  circulating  water  pumps)  and  may  use  a 
third  (a  separate  dry  air  pump)  when  the  best  results  are  desired. 
In  contrast,  some  direct-contact  condensers  have  no  pumps,  and 
others  only  a  wet  or  dry  air  pump. 

(c)  The  weight  of  condensing  water  required  per  pound  of  ex- 
haust (with  quality  unity)  is  evidently 

w  = =  — 7- -T ....     (4«7; 

gd  -  qi  (td  —  ti) 

where   Xx  =  total  heat  above  32°  F.  per  lb.  of  exhaust  steam. 

qc  =  heat  of  liquid  of  condensate  leaving  condenser  at  //. 

tr  =  from  0°  to  20°  F.  below  the  exhaust  temperature  /,. 
qi  =  heat  of  liquid  of  condensing  water  at  inlet,  at  /,-. 
qd  =  heat  of  liquid  of  condensing  water  at  discharge,  at  td. 

td  =  from  5°  to  10°  F.  below  exhaust  temperature  /x. 

With  from  25  to  26  inches  of  vacuum  w  is  from  25  to  30  lbs. 
depending  on  the  value  of  /»;  and  with  better  vacuums  w  is  from 
45  to  55  lbs.  and  even  more. 

(d)  The  heat  transmission  in  Surface  Condensers  is  according 

*  See  footnote  on  page  672. 
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to  Case  I  of  Seciions  306  and  307  and  ihe  amounL  uf  condensing 
surface  required  to  condense  w,  lbs.  of  exhaust  steam  per  hour 
(quality  unity)  is  from  Eq.  (437). 

=».  !x,  -  (tc  -  i2)'i  ^ejc.  ....    (488) 

|rhere  the  symbols  in  the  bracket  have  the  same  meaning  as  in 
.  (487):  and  from  Eq.  (438) 

ff«  =  {/.-/.)- (log,  J^^ (489} 

"he  value  of  K  depends  on  the  surface  coating  on  the  tubes 

ale  and  oil),  on  the  velocity  of  the  water,  on  the  air  present 

the  steam,  on   the  material  of  the  lubes  (although   this  is 

usually  negligible)  and  on  otJier  items.     It  ordinarily  ranges 

{rem  250  to  300  B.t.u.  per  square  foot  per  degree  F.  per  hour  in 

Jie  simpler  types  of  condensers  under  ordinary  conditions,  but 

pth  the  best  designs,  well  drained,  and  with  good  air  pumps, 

ihe  rate  of  transmission  may  be  from  two  to  three  times  these 

alues.     For  ordinary  condensers  with   from  24  to  26  inches 

Facuum  about  10  lbs.  of  steam  are  condensed  per  square  foot 

f  heating  surface  per  hour. 

For  small  turbines  with  high  vacuums  from  2 J  to  4  square  feet 

t  condensing  surface  are  ordinarily  used  per  kilowatt  rating  of 

te  generator;   and  with  large  turbines  from  i  to  zi  sq.  ft.  are 

pund  with  the  best  types  of  condensers. 

(e)  The  essenliaU  which  make  Surface  Condensers  most  effec- 

pSve  are:     (i)  All  the  tube  surface  should  be  available  for  heat 

transmission;  none  of  it  should  be  air-bound 

either  on  the  steam  or  water  side.     (2)  The 

falling  condensate  should  not  "drown  "  any 

^libcs,  (or  then  (a)  the  surface  is  only  about 

■O  per  cent  as  effective,  (ft)  the  condensate  is 

)olcr.  hence  not  so  valuable  as  feed  water, 

lod  (c)    more  condensing  water  is  required. 

I3)  The  velocities  of   the   steam  and  water 

Ibould  be  high  enough  to  break  up  the  surface 

As  the  transmission  is  largely  depend- 

int  on  the  heat -absorbing  ability  of  the  water, 

Sie  more  rapidly  the  tatter  is  brought  in  con^ 

Urfaces,  the  greater  the  rate  of  tran&t 
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the  condensate  should  be  cooled  as  much  as  possible  to  decrease 
the  volume  to  be  handled  by  the  air  pump  and  to  reduce  its  par- 
tial pressure  acting  on  the  prime  mover.  {5)  There  should  be 
suitably  arranged  baffles  to  so  distribute  the  steam  that  all  parts 
of  the  condensing  surface  are  equally  effective. 

(f)  Fig.  434  shows  one  form  of  dry-tube  condenser  with  ar- 
rangement for  preventing  the  lower  tubes  of  the  condenser  from 


Fig.  43S- 

being  drowned  and  from  serving  as  condensate  coolers.  This 
is  accomplished  by  the  baffles  A ,  B,  which  are  arranged  to  collect 
and  draw  off  the  condensate  from  the  tubes  immediately  above 
as  rapidly  as  it  is  formed.  Baffle  pans  somewhat  similarly 
arranged  (with  drains)  are  used  in  like  manner  in  other  con- 
densers of  this  type. 

(g)  In  some  condensers  the  counter-current  principle  is  used 
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as  regards  the  condensate.  In  such  cases  the  exhaust  steam 
enters  the  condenser  at  the  bottom,  hence  the  faUing  condensate 
passes  downward  through  this  upflowing  steam  and  becomes 
healed  thereby,  the  feed  water  then  being  substanlially  at 
Jiaust  temperature. 

(hj  As  a  cubic  foot  of  air  is  heavier  than  a  like  volume  of 
ftteam  at  the  temperatures  existing  in  condensers,  and  as  it  is 
coolest  and  most  dense  at  the  bottom  of  the  shell,  it  tends  to 
■gravitate,  hence  the  wet  air  pump  placed  below  the  condenser 
I  correctly  located  for  receiving  the  air  as  well  as  the  con- 
lensate. 

(i)  Fig.  435  shows  the  piping  of  a  condenser  having  separate 
Iry  air  and  hot-well  pumps.  The  arrangement  includes  an  air 
wler  through  which  the  air  passes  on  its  way  to  the  dry  air 
lUmp,  the  condensed  vapor  from  this  cooler  being  passed  through 
I  water  seal  to  the  hot  well  where  the  condensate  collects. 

321.  Air  Piimiia.     (a)  As  has  already  been  seen  a  Dry  Air 
Pump  is  an  air  compressor  which  receives  the  air  (and  its  en- 
trained moisture)  at  condenser  pressure  .jV, 
Bnd  compresses  it  sufficiently  to  permit 
discharge  to  the  atmosphere,  the  com- 

ir  card  resembling  Fig.  436  in  the  ' 
»t  instances.    As  the  compression  ratio 
high,  the  clearance  volume  must    be 
nail,  for  no  air  can  be  received  from 
le  condenser  until  that  in  the  clearance 

is  expanded  to  condenser  pressure.     To  increase  the  volu- 
lelric  efficiency  the  three  expedients  most  commonly  used  are: 
l)  The  air  may  be  compressed  in  two  stages;  (2}  an  equalizing 
passage  (as  a  in  Fig.  437)  may  be  so  arranged  that  at  the  end  of 
the  stroke  the  clearance  air  may  at  the  proper  time  be  moment- 
arily exhausted  into  the  other  end  of  the  cylinder  which  is  filled 
air  at  condenser  pressure,  thus  when  the  stroke  begins  the 
■ance  space  is  under  pressure  nearly  equal  to  the  vacuum; 
(3)  the  clearance  space  may  be  filled  with  water,  as  is  the 
in  wet  air  pumps, 
pumps  as  well  as  the  other  pumps  are  usually  steam  driven, 
le  exhaust  steam  can  ordinarily  be  advantageously  used  for 
■water  heating. 


Fig.  436- 
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(b)  A  Wet  Air  Pump  of  the  ordinary  horizontal  reciprocatii% 
type  is  shown  at  the  left  in  Fig.  433,  s  indicating  the  suctkn 
valves  and  d  the  discharge  valves.  One  of  the  vertical  types  is 
illustrated  in  Fig.  438  with  foot  valves,  bucket  valves  and  (Un- 
charge val\'es  as  shown.  In  the  Edwards  type,  shown  in  Fig.  439, 
the  foot  and  bucket  valves  are  dispensed  with,  and  whate\'er 
condensate  collects  in  the  base  of  the  pump  is  displaced  and 
forced  into  the  pump  cylinder  by  the  conical  end  of  the  plunger 
as  it  approaches  the  bottom  of  its  stroke.  This  water  and  the 
air  above  are  then  caught  above  the  plunger  when  it  ascends  and 
are  discharged  in  the  usual  manner.  As  in  most  pumps,  there 
is  a  lip  around  the  upper  valve  deck  so  that  the  valves  will  ahrays 


Dry  Air  Pump  wiih  Equalizing  Passage. 


be  water  sealed  to  prevent  air  leakage.  Other  single-acting 
vertical  pumps  and  double-acting  horizontal  ones  are  somewhat 
similarly  arranged  to  operate  without  foot  and  bucket  \-aIves. 

A  wet  air  pump  of  the  Rotary  Type  is  shown  in  Fig.  440,  it 
being  so  arranged  that  the  water-sealed  lobed  wheels  not  only 
discharge  the  water  but  also  carry  along  the  air  which  is  intro- 
duced at  A  below  the  wheels. 

(c)  The  Leblanc  type  of  dr>'  air  pump  is  shown  in  Fig.  4)1. 
Water  in  chamber  A,  "drawn  in  "  by  the  vacuum,  is  dischai^ 
at  B  and  is  projected  downward  by  the  vanes  on  the  rotor  Kin 
a  series  of  layers  which,  acting  as  pistons,  entrap  the  air  entering 
at  C  and  force  it  through  the  neck  .V  against  the  atmospheric 
pressure.  To  start  the  vacuum  live  steam  may  be  terapcwarily 
admitted  at  S. 
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(d)  The  volume  of  condensate  (Vc)  and  that  of  condensing 
water  (T,)  used  [xr  minute  can  be  readily  estimated  and  the 
necessary  sise  of  pumps  can  then  be  determined  if  water  alone 
is  10  be  handled.  If,  however,  air  is  to  be  pumped  there  is  no 
exact  method  of  arriving  at  the  volume  (Va)  to  be  discharged 
per  minute  and  the  proportions  of  the  pump  are  based  on  rough 


.  —  Rotary  Type  ot 
Air  Pump. 

Surface  water  under  atmospheric  conditions  may 
intain  by  volume  from  2  to  5  per  ceni  o(  air.  and  the  leakages 

■  the  percentage  of  "atmospheric  air"  in  the  c 
»i9crs  to  from  7  to  10  per  cent.     UwKt  (uirtial  j 
(gher  temperalure  conditions  the  volume  of  t 
1  and  ils  value  can  Ik;  readily  com 
ft  rough  basis  for  determining;  tho  size  C 
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According  to  Gebhardt*  single-acting  wet  vacuum  pumps  for 
jet  condensers  ordinarily  have  plunger  displacements  per  minute 
of  about  3  v.,  where  V,,  is  the  volume  of  the  injection  water 
pumped  in  that  time,  and  double-acting  pumps  have  displace- 
ment 3i  F«,  the  piston  speeds  being  about  50  feet  per  minute. 
With  reciprocating  engines  the  wel  air  pump  for  a  surface  con- 


Tig.  441.  — Lebl,  n     \  r  Pump 


denser  ordinarily  has  a  displacement  of  10  Vc,  where  V,  is  the 
volume  of  condensate,  and  for  steam  turbines  it  is  about  20  V„ 
these  values  being  the  average  of  two  hundred  plants.  For  Aj 
air  pumps  the  displacement  of  the  plunger  ranges  from  20  to  3oV( 
with  vacuum  below  27  inches,  up  to  50  Vc  for  28  inches  and  oWi 
these  values  being  based  on  an  investigation  of  fifty  installatioas. 
*  Gebhardt's  "  Steam  Power  Plant  Engineering,"  puUiibed  hf  Joha  Mr 
and  Sons. 
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33i.  Recovery  of  Condensing  Water,  (aj  The  amount  of 
l/Watcr  required  in  a  plant  for  condensing  purposes  is  relatively 
Very  great,  varying,  as  shown  in  Sec.  320(c),  from  about  25  to 
B55  pounds  per  pound  of  steam  condensed.  After  being  used 
Ithis  water  is  generally  wasted,  hence  a  continuous  supply  of 
Jfresh  water  is  required  in  such  cases.  When  a  plant  owns  its 
wn  water  supply  or  is  situated  near  a  large  river,  or  other  body 

■  of  water,  from  which  it  can  pump  condensing  water,  the  cost  of 
Bthe  water  is  practically  only  that  of  pumping.  Many  plants  are 
K«o  situated,  however,  that  the  only  source  is  the  city  mains  and 
Jin  such  cases  the  continuous  expenditure  for  condensing  water 
Binay  be  far  in  excess  of  the  saving  effected  by  its  use.  Methods 
Wot  cooling  and  storing  condensing  water  have  been  developed, 
lllierefore,  so  that  the  same  water  can  be  used  repeatedly  and 

■  thus  make  it  possible  to  obtain  the  benefit  of  condensing  opera- 
Btion  in  cases  where  the  cost  of  a  continuous  supply  of  fresh 
■water  would  be  prohibitive. 

(b)  For  cooling  the  water,  various  evaporative  cooling  devices 
fare  in  use.  They  all  operate  by  exposing  large  surface  of  water 
I  (sometimes  in  thin  sheets  or  in  drops)  to  air  currents,  the  cooling 

■  being  effected  both  by  the  direct  contact  of  the  cooler  air  with 
Ithe  hot  water  and  by  (he  evaporation  of  part  of  the  water.  For 
Ithis  purpose  (i)  a  pond  having  relatively  large  exposed  surface 
Bmay  be  used;  or  (2)  the  water  may  be  sprayed  into  the  air  and 
■allowed  to  fall  into  a  pond;  or.  (3)  it  may  be  passed  through  a 
■cooling  tower,  such  as  described  in  the  following  paragraphs. 

(c)  Cooling  towers  are  roughly  divided  into  two  classes: 

1.  Natural  draft  cooling  towers,  and 

2.  Fan  towers  or  forced  draft  towers. 
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those  of  the  outside  air  and  it  is  therefore  constantly  displaced 
upward  by  fresh,  cool  air  entering  at  tJie  bottom.  This  effect 
(the  "draft")  is  increased  by  lengthening  the  column  of  hot  moist 
air  by  the  addition  of  a  **flue,*'  or  ''stack,"  above  the  filling. 

(d)  A  fan  type  of  tower  is  essentially  the  same  as  one  with 
natural  draft  so  far  as  filling  and  cooling  are  concerned;  the 
stack  is  omitted,  however,  and  the  draft  is  assisted  by  fans 


Fig.  442. 


which  force  air  in  at  the  bottom  of  the  tower.  Such  a  struc- 
ture, of  which  there  are  many  arrangements,  is  shown  in  Fig. 
442.  This  type  of  tower  has  the  disadvantage  of  requiring  an 
expenditure  of  power  to  operate  the  fans,  but  is  independent  of 
atmospheric  conditions  so  far  as  draft  is  concerned. 

A  combination  of  both  types  is  occasionally  used,  the  stack 
supplying  draft  when  possible  and  being  helped  out  by  the  fans 
when  necessary. 
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(e)  Neglecting  losses,  the  heat  abstracted  in  a  given  time 

from  the  exhaust  steam  in  condensing  it  equals  the  weight  of 

the  condensate  (wx)  times  the  latent  heat  (r,)  of  the  exhaust 

steam  at  its  partial  pressure,  and  this,  of  course,  is  the  amount  of 

heat  absorbed  by  the  cooling  water.     Hence,  if  this  water  is 

used  repeatedly,  it  must  first  be  cooled  by  the  surrender  of  this 

same  amount  of  heat  before  its  return  to  the  condenser.     This 

cooling  is  accomplished    principally   by   the  evaporation   of  a 

portion  of  the  water,  the  heat  carried  away  in  this  manner  being 

equal  to  the  product  of  weight  (wp)  vaporized  in  the  given  time, 

by  the  latent  heat  (r»)  at  the  partial  pressure  existing  at  the 

surface  exposed  to  the  atmosphere.     Then,  considering  that  the 

cooling  is  effected  entirely  by  evaporation  and  neglecting  losses, 

it  follows  that  /     x        /     x  /       x 

{wr)x  =  {wrU ; (492) 

or,  the  weight  of  cooling  water  evaporated  in  a  given  time  is 

approximately  ,  .       v 

Wr;  =  w^r^/fv (493) 

But,  as  fx  and  r„  do  not  differ  greatly,  it  is  roughly  true  that 
Wv  =  Wx,  —  that  is,  under  the  conditions  assumed,  the  weight  of 
condensing  water  vaporized  in  the  cooling  device  is  about  equal 
to  the  amount  of  condensate  formed  in  the  same  interval  of 
time  in  the  condenser  in  which  that  water  is  used.  Thus,  if  all 
the  steam  generated  is  condensed  in  a»  surface  condenser  and 
returned  to  the  boiler,  no  new  water  (theoretically)  is  needed 
for  boiler  feed,  but  about  an  equal  weight  of  make-up  water 
must  be  constantly  added  to  the  supply  of  cooling  water;  and 
with  surface  condensers  this  water  may,  of  course,  be  of  quality 
unsuitable  for  use  in  the  boilers.  This  is  theoretically  the  maxi- 
mum amount  that  need  be  lost  in  the  process  of  cooling. 

(f)  If  the  air  were  so  fully  saturated  that  it  could  receive  no 
more  moisture,  none  of  the  water  would  vaporize  and  no  cooling 
would  be  effected  in  the  manner  just  described.  In  such  case 
heat  could  still  be  abstracted  from  the  water  by  bringing  cooler 
air  and  its  moisture  in  contact  with  it.  The  cooling  media 
would  then  have  their  sensible  heat  raised  by  absorbing  heat 
from  the  water,  but  it  would  take  a  great  quantity  of  air  to 
effect  the  cooling  in  this  manner. 

(g)  The  actual  case  is  intermediate  between  the  two  extremes 
just  discussed.     The  atmospheric  air  is  practically  never  fully 
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saturated  but  nearly  always  has  some  humidity.  In  the  aver- 
age cooling  tower  from  J  to  J  of  the  heat  is  carried  away  by  the 
increase  in  the  sensible  heat  of  the  air  and  its  vapor,  and  the 
rest  by  evaporation.  The  actual  operation  of  the  cooling  de- 
vice is  dependent  on  the  humidity,  temperature,  amount  and 
distribution  of  the  air  and  on  the  temperature  and  extent  of 
exposed  surface  of  the  water.  Ordinarily,  under  unfavorable 
conditions,  one  cubic  foot  of  air  entering  can  be  expected  to 
remove  at  least  2^  B.t.u.  as  sensible  heat  of  the  air  and  latent 
heat  of  vaporized  water;  from  2  to  4  per  cent  of  the  condensing 
water  is  all  that  need  be  lost  by  evaporation;  and  the  condensing 
water  can  be  readily  cooled  40  to  50  Fahrenheit  degrees. 


WATER  PURIFICATIOS 


313.  Impurities  in  Natural  Waters,  (a)  Waters  available  for 
power  plant  use  arc  never  the  simple  H1O  of  chemistry  but 
always  carry  certain  impurities  in  suspension  and  In  solution. 
When  taken  from  streams  or  lakes  the  water  generally  has  large 
quantities  of  mud  and  silt  in  suspension  at  certain  periods  of 
the  year;  in  some  cases  at  all  periods.  Water  taken  from 
sources  which  receive  large  deposits  of  leaves,  twigs  and  other 
vegetable  and  animal  remains  will  always  carry  certain  organic 
substances  in  solution  and  sometimes  in  suspension  as  welt. 
Practically  all  waters  found  on,  or  below,  the  earth's  surface 
contain  inorganic  salts  and  gases  in  solution  and  sometimes  free 
acids  as  well. 

(b)  All  such  impurities  are  liable  to  cause  trouble  in  power 
plants,  either  (1)  by  clogging  tubes  and  pipes,  or  (2)  by  corroding 
metal  surfaces,  or  (3)  by  incrusting  heat-transmitting  surfaces, 
or  {4)  by  causing  foaming  within  boilers  and  similar  apparatus. 

(c)  When  solid  material  in  suspension  is  of  large  size  it  can 
often  be  separated  by  simple  mechanical  means,  as  by  screening, 
by  settling,  or  by  filtering  through  beds  of  coke,  broken  rock,  or 
&and.  When  fine  it  can  be  removed  by  first  entangling  it  in  a 
flocculent  precipitate  and  then  filtering,  as  is  done  with  municipal 
supplies. 

In  general,  however,  after  such  treatment  average  water  will 
still  contain  in  solution  quite  a  quantity  of  material  which  will 
cause  trouble  if  allowed  to  enter  the  apparatus  of  a  power  plant. 
The  greatest  difficulty  is  experienced  in  steam  boilers  and  in  the 
jackets  of  internal-combustion  engines  because  of  the  deposition 
of  such  dissolved  material  upon  the  metal  surfaces,  thus  forming 
a  crust,  or  a  scale,  which  materially  decreases  heat  conductivity, 
clogs  the  passages,  and  may  lead  to  the  overheating  of  metal 
plates  or  surfaces.  Acids  in  solution  may  cause  corrosion  of 
such  surfaces. 

635 
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(d)  To  prevent  troubles  of  this  character  water  is  often 
''treated,*'  "softened,"  or  "purified,**  before  use.  The  problem 
of  water  treatment  is  very  large  and  by  no  means  entirely  solved 
as  yet.  In  the  following  paragraphs  the  fundamental  principles 
and  the  most  common  methods  of  treatment  of  boiler  feed 
waters  will  be  very  briefly  considered. 

324.  Troubles  from  Untreated  Feed  Water,  (a)  If  untreated 
water  is  fed  to  a  boiler  the  following  troubles  may  ensue: 

(i)  Corrosion  may  occur  because  of 

(a)  Free  acid,  such  as  H%SOa  and  HNOi,  which  will  not  only 
attack  the  metal  of  the  boiler,  but  if  present  in  larger 
quantities  than  5  parts  per  i  ,000,000  *  will  often 
corrode  or  pit  the  metal  parts  of  the  engine  with 
which  the  steam  comes  in  contact;  and  because  of 
(6)  Organic  material,  such  as  infusions  of  leaves,  sewage  and 
such,  which  acts  as  though  acids  were  formed  within 
the  boiler. 

(2)  Incrustation  may  occur  because  of 

(a)  The  deposition  of  suspended  matter ,  such  as  mud,  in  parts 

of  the  boiler  in  which  the  circulation  is  not  sufficiently 

rapid  to  maintain  it  in  suspension; 

(6)  The  concentration  of  salts  brought  into  the  boiler  with 

the  feed  water  and  left  behind  by  the  issuing  steam; 

(c)  The  deposition  of  decomposed  salts,  such  as  the  soluble 

bicarbonate  of  calcium,  Ca{HCOz)zy  which  when 
heated  loses  one  molecule  of  CO2  and  one  of  //2O, 
leaving  insoluble  CaCOz; 

(d)  The  deposition  by  heating  of  salts  which  are  less  soluble 

in  hot  water  than  in  cold,  as  calcium  sulphate,  CaSOi, 
the  solubility  of  which  at  ordinary  steam  tempera- 
tures is  only  about  one-fourth  as  great  as  at  ordinary 
atmospheric  temperatures;  and 

(e)  The  deposition  of  soaps  formed  by  the  saponification  of 

greases  and  organic  oils  by  alkalies  present  in  the 
feed  water. 

*  Parts  per,  looo,  100.000  and  1.000,000  are  the  terms  commonly  used  for 
expressing  the  results  of  water  analyses.  Since  one  U.  S.  gallon  of  water  at  60 
degrees  F.  weighs  58,335  grains,  one  part  per  100,000  is  equal  to  0.5S4  giain  per 
U.  S.  gallon. 
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(3)   Foaming  may  be  caused  by 

(fl)  The  decomposition  or  modification  of  salts  to  form  floc- 
culcnt  precipitates  which  collect  as  a  scum  on  and 
near  the  surface  of  the  water;  and  by 

(6)  Organic  matter,  grease,  soaps  and  such,  which  form 
similar  scums. 

lb)  By  far  the  most  troublesome  salts  commonly  found  in 
feed  waters  are  those  of  calcium  and  magnesium.  They  are 
generally  either  the  carlx)nates  or  the  sulphates  of  these  metaU. 
The  carbonates  of  calcium  form  a  more  or  less  granular  scale 
which  it  is  not  very  difficult  to  remove  with  the  tools  used  for 
cleaning  boilers.  The  sulphate  of  calcium  forms  a  very  hard, 
porcelain-like  scale  which  is  removed  only  with  great  difficulty. 
Magnesium  carbonate  generally  gives  rise  to  a  scum,  causing 
priming,  and  also  forms  a  hydrate  which  serves  to  cement  to- 
gether other  scale-forming  materials.  The  sulphate  of  this  metal 
decomposes  at  high  temperatures,  liberating  sulphuric  acid  which 
jnay  cause  corrosion  and  forming  the  hydrate  which  acts  as  a 
cement. 

325.  Methods  of  Treating  Feed  Waters,  (a)  A  large  quan- 
tity of  the  material  carried  in  solution  in  boiler  feed  waters  can 
often  be  precipitated  by  simply  raising  the  temperature.  This 
should  be  done  in  open  type  heaters  using  exhaust,  or  live  steam, 
whichever  is  necess;iry  to  attain  the  necessary  temperature. 
TTie  impurities  which  are  precipitated  either  remain  fastened 
to  the  pans  and  other  parts  of  the  heater  or  are  separated  by 
filtering  through  a  bed  of  coke,  or  other  material,  containod 
within  the  heater  itself. 

(b)  Where  the  use  of  live  steam  is  not  desirable  or  where  the 
water  contains  salts  that  are  not  readily  precipitated  by  simply 
raising  the  temperature,  certain  chemicals  can  be  added  to  the 
nrater.  These  chemicals  should  be  so  chosen  as  to  react  with 
Ihc  majority,  or  with  the  most  harmful,  of  the  impurities  to  form 
insoluble  precipitates,  or  to  form  less  harmful,  soluble  com- 
pounds. By  far  the  most  common  chemic:il  in  use  for  this 
purpose  is  soda  ash  (impure  sodium  carbonate)  although 
sther  inorganic  and  organic  com|x>unds  are  also  atlQiaLi 
ish  has  the  advantages  of  ver>'  low  cost,  small  weight 
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applicability  to  most  waters  and  formation  of  compounds  which 
are  easily  disposed  of  in  the  heaters  and  in  the  boilers. 

(c)  In  many  cases,  particularly  where  steam  is  not  available, 
or  where  special  conditions  are  to  be  met,  cold  methods  are 
used.  In  such  cases  a  solution  of  the  proper  chemical,  or  chemi- 
cals, is  fed  in  measured  quantities  to  the  raw  water,  and  any 
precipitates  formed  are  settled  or  filtered  out,  after  which  the 
treated  water  passes  to  some  sort  of  storage  to  await  use. 

Apparatus  of  this  type  is  generally  made  wholly  or  partly 
automatic.  It  is  always  of  large  size  and  therefore  costly,  and 
because  of  the  low  temperature  many  reactions  which  may  be 
easily  carried  out  in  heaters  are  either  entirely  absent  or  are 
very  incomplete. 

(d)  Many  "  bailer  compounds,*^  some  of  secret  composition, 
are  in  use.  They  are  mixed  with  the  feed  water  on  its  way  to 
the  boiler  and  are  supposed  to  prevent  or  mitigate  the  formation 
of  scale.  It  should  be  remembered  that  no  solid  material  which 
enters  the  boiler  can  leave  with  the  steam  and  hence  it  must  all 
remain  within  the  vessel  unless  removed  by  other  means,  such 
as  blowing  down,  skimming,  etc. 

This  being  the  case,  all  that  can  be  expected  of  a  boiler  com- 
pound is  that  it  will  react  with  the  most  troublesome  impurities 
so  as  to  change  them  to  less  troublesome  ones  which  can  be 
removed  as  sludge  through  the  blow-off  valve,  rather  than  as  a 
hard  scale  adhering  to  the  metallic  surfaces.  In  any  event  the 
amount  of  solid  to  be  removed  from  the  boiler  will  be  greater 
when  a  compound  is  used  than  when  the  untreated  water  is 
vaporized,  and  it  is  merely  a  question  of  whether  the  greater 
amount  of  soft  material  permits  of  more  economical  and  safer 
operation  than  does  the  smaller  quantity  of  harder  scale.  It 
is  therefore  obvious  that  the  impurities  should,  when  possible, 
be  removed  from  the  water  before  it  is  introduced  into  the 
boiler. 

(e)  There  are  some  so-called  *'  boiler  compounds  "  on  the 
market  which  are  not  supposed  to  react  with  the  solids  in  the 
water  but  are  intended  to  coat  the  water  side  of  all  heating  sur- 
faces in  such  a  way  as  to  prevent  the  adherence  of  scale  and 
scale-forming  material.  Besides  the  commercial  compounds, 
kerosene  and  similar  hydrocarbon  oils  have  been  more  or  less 
successfully  used  for  this  purpose.     Oil  so  used  should  contain 
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no  organic  admixture  as  this  may  cause  trouble  by  saponifying 
in  the  boiler  and  it  should  contain  no  heavy  hydrocarbons 
which  will  form  tar  or  pitch  as  these  might  cause  overheating  of 
plates  to  which  they  become  attached. 

It  has  also  been  claimed  that  graphite  acts  in  a  way  similar  to 
kerosene  in  preventing  the  adherence  of  scale-forming  material. 


CHAPTER  XXXIX. 


POWER  PLANTS. 

326.  General,  (a)  Only  a  very  general  discussion  of  the  sub- 
ject of  power  plants  as  a  whole  can  be  attempted  in  this  book 
and  that  must  be  given  in  the  briefest  manner  possible.  Plants 
having  internal  combustion  engines  and  those  having  steam- 
operated  prime  movers  will  be  the  only  types  considered. 

(b)  The  choice  between  plants  of  these  two  types  depends  on 
many  considerations,  some  of  which  are:  (i)  kind  of  fuel  avail- 
able, (2)  fuel  economy,  (3)  first  cost  and  other  financial  con- 
siderations, (4)  reliability,  (5)  weight,  (6)  space  occupied,  (7) 
cost  of  water,  (8)  ability  to  secure  properly  trained  attendants, 
(9)  location,  and  (10)  character  of  load.  In  general,  where 
coal  is  very  expensive,  the  producer  plant  will  give  better  finan- 
cial returns  than  a  steam  plant  unless  the  power  requirements 
are  such  as  to  call  for  unusually  large  units  (say,  from  1000  to 
4000  or  5000  horse  power  for  the  plant) . 

327.  Internal  Combustion  Engine  Plants.  If  the  fuel  is  oil, 
or  gas,  the  plant  merely  consists  of  the  engine  with  means  of 

II  supplying  the  fuel  and  for 
^ J  transmitting  the  energ>' de- 
veloped, and  with  provision 
for  jacket  water.  If  solid 
fuel  is  used  in  a  producer, 
the  elements  of  the  plant 
are  those  given  in  Fig.  443. 
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328.  Steam  Power 
Plants,  (a)  The  location 
of  the  plant  is  selected  with 
resf)ect  to  (i)  railroad  and 
dock  facilities  for  receiv- 
ing coal  and  disposing  of  ashes,  (2)  supply  of  water  suitable 
for  feed  and  condensing  purposes,  (3)  convenience  for  distribu- 
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Fig.  443.  —  Elements  of  a  Producer  Gas 
Power  Plant. 
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tion  of  its  products  (electrical  energy,  exhaust  steam  for  heating, 
belt  delivered  power,  etc.),  (4)  cost  of  real  estate,  (5)  suitability 
of  ground  for  foundations,  (6)  space  for  storage  of  fuel,  (7)  char- 
acter of  the  surrounding  neighborhood,  and  (8)  allowance  for 
increase  in  size  of  plant. 

(b)  The  building  is  generally  divided  by  a  fireproof  and  dust- 
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Fig.  444.  — Elements  of  a  Steam  Power  Plant. 


proof  wall  into  the  boiler  room  and  the  engine  (or  turbine)  room, 
and  is  provided  with  proper  lighting  and  ventilating  facilities 
and  with  doorways  of  sufficient  size  to  admit  the  largest  pieces 
of  the  equipment.  In  large  plants  the  railroad  track  usually 
enters  the  building,  the  doors  being  large  enough  to  admit  box 
cars.     The  architecture  of  the  building  should  be  in  harmony 
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with  its  surroundings  and  the  design  should,  in  general,  permit  <rf 
enlargement  of  plant  to  meet  increases  in  the  demand  for  power. 
The  scheme  of  the  steam  power  plant  equipment  is  illustrated 
in  Fig.  444.  This  diagram  is  very  general  and  includes  pieces 
of  equipment  which  are 
used  only  in  special  cases; 
it  also  shows  apparatus 
which  would  not,  in  gen- 
eral, be  used  at  the  same 
time  in  ordinary  cases. 
Several  arrangements  <A 
steam  power  plants  are 
shown  in  Figs.  445  to  449. 
(c)  In  the  boiler  room, 
besides  the  btnlers,  are  lo- 
cated the  feed  pumps,  fans,  feed  heaters  (generally),  economizers, 
etc.  Car  tracks  are  arranged  to  deli\'er  the  coal  at  such  point  as 
to  reduce  the  manual  labor  to  the  minimum.     Large  plants  usu> 


^'M-  445'  —  Small  Eugbe  PUot. 


Fif.  446.  —  SmaD  Turbine  PUnL 

.illy  have  overhead  bunkers,  to  which  the  coal  is  broughi  by  care 
or  I'v  nii-ch.tnicjl  cxinveyorsot  the  bucket,  belt,  or  other  type,  and 
from  which  chutes  lead  to  the  hoppers  of  the  stokers,  or.  in  ca=e 
of  hand  firing,  to  the  floor  in  front  of  the  boiler:  and  ash  hoppers 
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because  the  turbine  room  is  generally  much  smaller  than  the  boiler 
room,  whereas  an  engine  room  is  ordinarily  of  about  the  same  size. 
(d)  The  larger  engine  rooms  are  usually  provided  with  over- 
head traveling  cranes  of  capacity  at  least  sufficient  to  lift  the 
heaviest  piece  of  machinery.  Surface  and  jet  condensers  and 
their  pumps  are  usually  located  below  the  engine,  in  the  base- 


Fig.  448.  —  Power  Plant  with  Double  Deck  Boiler  Room. 

ment;   and  barometric  and  siphon  condensers  are  often  placed 
cutsidc  the  building. 

(e)  In  electric  plants  as  much  of  the  steam  piping  as  is  feasible 
is  located  in  the  boiler  room  to  prevent  liability  of  damage  to 
the  electrical  apparatus  by  the  steam  in  case  of  pipe  failure. 
WTiere  plant  shutdowns  arc  of  serious  consequence,  the  ideal 
arrangement  of  piping  would  permit  (i)  of  running  any  prime 
mover  from  any  boiler,  (2)  of  any  boiler,  or  engine  unit,  being 
isolated  without  affecting  the  rest,  and  {3)  of  making  repairs 
to  any  portion  of  the  piping  without  affecting  any  unit  (or  not 
more  than  one).     This  ideal  case  is  approximated  most  closdjr 


POWEJt   PLANTS  695   I 

'  the  "hwp  or  ring"  system  of  piping,  a  in  Fig.  450,  and 
by  the  "double-headtr"  sjstem,  as  b  in  Fig.  450,  Tliese  systems 
all  for  an  amount  of  piping  and  a  number  of  joints  and  valves 
that  is  prohibitive  in  most  cases.  Ordinarily  tlie  connections 
^roni  the  iKiilers  are  merely  led  to  a  "single  header"  from  which 
Xjthcr  pipes  lead  to  the  prime  movers,  as  c  in  Fig.  450.  !n  large 
plants  il  is  common  practice  to  arrange  each  prime  mover  and 


+9.  —  Power  Plant  with  Boilers  Fired  /rum  Both  iiwis.  ami  with  Com- 
pound  St«un  Engines  Kxbausting  to  Low  Pressure  Turbines. 

Kile  boilers  which  serve  it,  as  an  independent  unit;  but  fre- 
puently  cross-connections  are  provided  between  units  for  use  in 
rgencies.  There  is  almost  an  unlimited  number  of  arrange- 
bivnts  of  piping  ijossible,  but  they  are  generally  modifications 
pr  combinations  of  those  just  given. 

The  piping  for  (he  auxiliary  apparatus  is  independent  of  the 
inain  system  to  permit  that  apparatus  to  be  o|)erated  even 
ihough  the  other  is  not  in  use. 
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The  steam  pipes  from  the  boiler  have  hand-operated  shut-off 
valves,  and  in  some  cases  also  include  emer^ncy  valves  whidi 
will  close  if  abnormal  outflow  of  steam  occurs,  as  when  a  steaai 
pipe  is  ruptured,  and  act  as  check  valves  preventing  the  inrush 
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Fig.  4SO.  —Steam  Piping  ArrangemenU. 

of  steam  from  other  boilers  if  a  tube  fails.  The  engine  feeders 
also  have  shut-off  valves  near  the  cylinders  and  sometimes  there 
are  also  valves  which  will  automatically  close  if  the  engine  starts 
to  run  away.     All  steam  piping  should  be  lagged  with  non- 


Fig.  4S1 


conducting  covering:  it  must  be  properly  supported;  provision 
for  expansion  must  be  made  by  the  introduction  of  slip  or  swivel 
joints,  corrugated  sections  or  flexible  curved  portions;  and  it 
must  he  so  arranged  as  to  be  without  undrained  portions  from 
which  the  collected  water  can  be  carried  over  in  large  quan- 
tities to  the  prime  mover  with  disastrous  results.     The  piping 
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should  be  properly  drained  by  suitably  arranged  collecting 
pockets  connected  with  * 'traps'*  or  equivalent  devices  and  at 
the  engines  there  should  be  **  steam  separators/*  The  traps  (by 
float  or  other  device)  automatically  discharge  the  accumulation 
of  water  from  time  to  time. 

(f )  The  boiler  feed-water  piping  is  preferably  so  arranged  that 
any  of  several  pumps  (or  injectors)  can  be  used  for  supplying 
the  feed  water,  and  also  so  that  there  are  several  sources  from 
which  this  water  can  be  obtained.  One  of  the  numerous  possible 
arrangements  of  piping  is  diagrammed  in  Fig.  451. 

(g)  Each  piece  of  auxiliary  apparatus  is  preferably  so  arranged 
that  it  can  serve  any  one  of  the  sets  of  main  units,  and  so  that 
it  can  be  isolated  if  out  of  commission  and  the  materials  which 
it  ordinarily  handles  may  be  by-passed  around  and  led  direct  to 
their  final  destinations. 


CHAPTER  XL. 

CONTINUOUS  FLOW  OF  GASES  AND  VAPORS  THROUGH  ORIFICES 

AND  NOZZLES. 

329.  Introductory,  (a)  The  thermodynamic  transformations 
previously  discussed  in  this  book  were  assumed  to  occur  in  such 
manner  that  the  change  of  kinetic  energy  (velocity  energy) 
associated  with  the  flow  of  the  working  substance  from  one  part 
of  the  system  to  another  was  zero.  In  the  usual  cases  of  flow 
of  gases  or  vapors  through  pipes  and  in  cylinders  this  same 
assumption  may  be  made  without  introducing  serious  error, 
because  of  the  relatively  low  velocities  prevailing. 

When,  however,  gases  or  vapors  flow  through  nozzles  or  ori- 
fices both  the  changes  in  velocity  and  the  corresponding  changes 
in  the  kinetic  energy  of  the  working  substance  may  be  very  large. 
In  such  instances  much  of  the  potential  energy  associated  with  the 
substance  may  be  converted  into  the  kinetic  energy  associated 
with  the  change  of  motion,  or  the  reverse  process  may  occur. 

(b)  Let  Fig.  452  represent  a  conduit  through  which  the  ma- 
terial flows  in  the  direction  of  the  arrow;    and  let  Po  and  K 

be  resf>ectively  the  simultaneous  poten- 
tial and  kinetic  energies  associated  with 
a  pound  of  the  working  substance  at  any 
instant.  Then  Poi  +  Ki  is  the  total 
associated  energy  p>er  pound  when  the 
stream  passes  section  i  in  Fig.  452  and  P02  +  K2  is  its  value 
when  passing  section  2.  If  the  conduit  is  of  such  character  that 
energy  neither  passes  through,  nor  is  stored  by,  its  walls,  it 
follows  from  the  Law  of  Conservation  of  Energy,  and  from  the 
First  Law  of  Thermodynamics,  that 

Po,  +  Ki  =  Po2+K2, (494) 

from  which  IK  =  K2  —  Ki  =  Poi  -  P02  ....     (495) 

where  AK  is  the  Change  in  Kinetic  Energy  p>er  pound  of  mate- 
rial.    This   equation   shows   that    the   changes   in    kinetic  and 

698 
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V]X)tentiaI  energies  between  sections  1  and  2  are  equal  in  amounts 

tit  opposite  in  direction, 

(c)  For  the  purposes  of  analytical  development  it  is  desirable 

I  to  examine  more  in  detail  the  character  of  the  potential  energy 

I  which  must  be  considered  in  connection  with  the  flow  of  gases 

land  vapors.     One  form  of  potential  energy  is  that  due  to  post- 

Ijwn.  as  exemplified  by  the  familiar  "head"  in  hydraulics.     In 

I  most  engineering  problems  dealing  with  the  thermodynamics  of 

l.flow  of  the  materials  under  consideration  the  magnitude  of  this 

I  form  is  so  small  that  it  may  be  neglected  without  serious  error. 

I-A  second  form  is  that  due  to  a  substance's  stored  heat  energy  which 

I  was  expended  in  raising  the  sensible  heal  of  the  material,  or  In 

doing  internal  work,  or  in  both;   and  it  is  obviously  composed 

of  the  AS  and  A/  which  have  been  used  before.     The  only  other 

form  of  potential  energy  is  that  stored  in  the  enveloping  media 

|ue  to  external  work  done  upon   them  by  the  substance  sur- 

ninded.     Although  stored  in  the  surrounding  media,  it  is  con- 

mient  to  consider  this  potential  energy  as  associated  with  the 

Rlbstance  that  did  the  work,  because  in  all  cases  this  energy 

fould  be  returned  if  that  substance  were  brought  back  to  the 

Hginal  conditions.     Evidently  this  stored  external  work  cor- 

Kponds  to  the  SB  used  in  previous  discussions,  but  for  subse- 

pient  purposes  it  will  be  convenient  to  obtain  a  slightly  different 

regarding  it. 

i  (d)  For  this  purpose  suppose  the  plug  a  (in  Fig.  453),  weighing 
toe  pound,  and  having  a  (specific)  volume  V,  is  injected  its  full 
mgth  into  a  closed  vessel  b  which  is  so  large 
Biat  the  medium  it  contains  may  be  assumed 
(  remain  at  constant  pressure  P  |K)unds  per 
T  foot  during  the  process.  Then,  the 
Ktenial  work  done  by  the  plug  upon  the 
dium  is  PV  fool-pounds,  or  i^/778  B.t 

energy  is  stored  in  the  surrounding 
dium,  but  as  it  will  l>e  returned  when  the 
hig  is  withdrawn,  it  may  be  considered  to 
ed  with  the  plug.  Obviously  all 
laterial,  which  is  surrounded  by  media  upon  which  it  has 
nne  work  which  is  stored  as  potential  energy  of  this  form, 
lay  be  considered  as  having  associated  with  it  lliis  returnable 
fergy. 
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(e)  Now,  summing  up,  the  total  potential  energy  which  may 
be  con^dered  as  associated  with  a  pound  of  the  material  is 

Po  =  ^S  +  M  +  PV/77S    ....     (496) 

measured  above  certain  datum  conditions  which  will  be  consid- 
ered later. 

This  value  of  the  potential  energy  may  now  be  substituted  in 
Eq.  (494)  giving,  for  the  conditions  of  flow  shown  in  Fig.  452, 

(A5i+A/i+PxVi/778)+ii:i  =  (A5,+A/,+P,V,/778)+ii:,,    (497) 

and  Eq.  (495)  then  becomes 

=  (A5i  +  A/i  +  P,Vi/778)  -  {^St  +  A/,  +  P,V,/778).(498) 

The  change  in  kinetic  energy  A/C,  and  hence  the  change  in 
velocity,  between  sections  i  and  2  can  thus  be  computed  when 
the  intrinsic  energies  (A5  +  A/)  and  the  PV  conditions  of  the 
material  as  it  passes  these  sections  are  known. 

(f)  If  w  pounds  of  substance  are  flowing  per  second  with  a 

velocity  of  v  feet  per  second,  the  kinetic  energy  of  the  flowing 

material  is  wK  =  wv^  -^  (2  g  X  778),  or  the  kinetic  energy  per 

pound  is  ^2 

K= — ^B.t.u (499) 

2  g  X  778 

If  the  velocity  is  increased  from  ri  to  Pi,  the  change  in  kinetic 
energy  is,  per  pound  of  substance, 

IK  =  (K,  -  iiTO  =(^  -  1^  778  B.t.u.      .    (500) 

But  since  {Kt  —  Ki)  =  {Poi  —  P(h)   this  equation  may  be  re- 
written .1  JV 

^K  =  Poi  -^^=[~-  -J-) '778  B.t.u.,      .    (501) 

which  may  be  used  for  determining  the  velocity  changes  when 
the  changes  in  potential  energy  are  known. 

330.  Flow  of  Saturated  Steam  in  the  Ideal  Case,  (a)  Fol- 
lowing the  general  equation  (498),  the  kinetic  energy  change 
during  flow,  in  terms  of  the  change  in  potential  energy,  is 

AK  =  (a5.  +  AA  +  f^')-(A5.  +  A/,  +  ^). 

and  as  the  right  hand  side  of  this  equation  represents  differences 
between  the  various  heat  quantities,  it  is  immaterial  what  is 
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taken  as  a  datum.  It  is  therefore  convenient  in  the  case  of  steam 
to  use  32  degrees  F.  as  such.  With  this  assumption  it  is  obvious 
that  (or  saturated  steam  which  is  initially  dry  SSi  and  ASt 
must  equal  qi  and  q^;  A/|  and  A/i  must  equal  pi  and  xj(n;  and 

"iVi/778  and  P5V./778  correspond  to  {APu)i  and  {xAPu)t  U 
the  volume  of  water  be  neglected,  which  is  permissible  since  it 
Is   relatively  insignificantly  small.     The  general   equation   for 

laturated  steam  may  therefore  be  written  in  the  form 
lK-=(q  +  p+  APu),  -iq  +  xp  +  xAPuh 
=  (q  +  rh-(q  +  xr)^ 

=  ^Q,-^Qt (502) 

in  which  AQi  and  AQj  are  the  total  heats  above  32  degrees  per 
pound  of  steam  at  points  i  and  2  respectively. 

While  the  foregoing  discussion  considered  only  the  case  of 
rdry  saturated  steam,  it  applies  equally  as  well  to  any  initial 
condition.  Thus  in  the  ideal  case  SQ,  is  the  total  stock  of  heat 
)er  pound  of  steam  entering  the  nozzle  and  AQ;  is  that  remain- 
bg  when  the  lower  pressure  is  reached  by  the  process  of  ex- 
lansion. 

It  is  obvious  that  even  though  the  initial  and  final  pressures 
are  known,  Eq.  (502)  cannot  be  used  for  the  ^ution  of  numerical 
problems  until  some  means  is  found  for  determining  the  value 
of  ii.  or  Aft.  But  after  the>'  have  been  found  SK  can  be  deter- 
mined; then  from  Eq.  (501)  the  change  in  velocity  of  flow  can 
be  computed.  Methods  of  determining  the  values  of  xj  and  Aft 
will  now  be  considered. 

(b)  Since  the  velocity  of  steam  flowing  through  a  nozzle  or 
umilar  conduit  is  very  high  there  is  x-ery  short  time  of  contact 
between  steam  and  walls.  And  further,  since  the  temperature 
of  the  steam  in  contact  with  any  particular  ring  in  the  wall  trf 
the  conduit  is  always  the  same  so  long  as  steady  conditions 
Ue  maintained,  it  follows  that  each  part  of  the  wall  will  acquire 

ictically  the  same  temperature  as  the  steam  in  contact  with 

As  a  result  of  these  two  facts  there  is  in  a  re;il  case  very 

Bttle  transfer  of  heat  between   the  walls  and  the  steam  and 

;  reasonable  to  assiime  no  transfer  in  an  idral  case, 
the  flow  may  be  considered  an  odiabatic  process,  or,  unas  t 
pressure  decreases  as  (low  progresses,  as  an   adJabatic  i 
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It  can  also  be  shown  that  for  ideal  conditions  this  adiabattc 
expansion  may  also  be  treated  without  serious  error  as  isen- 
tropic,  consequently  all  the  mechanism  previously  developed  for 
such  conditions  can  be  used  in  this  case. 

(c)  Then,  on  the  T*-diagram  in  Fig.  454,  if  the  initial  state 
point  is  1  (the  condition  being  Ti,  Xi,  Aft),  the  ideal  expansion 
'     in  the  nozzle  would  be  along  the  isen- 
/j     tropic  line  to  point  2  where  the  condi- 
tion is  Tt,  xt,  Aft.     The  heat  A^,  j>er 
pound   of   steam  at  the  beginning  of 
^-    -.^  ^  expansion  is  shown  by  the  area  sur- 

'1^:     ...\^    rounded  by  the  hea\->-  line;   and   the 
heat  SQt  at  the  end  of  the  process,  by 
^^      T  ■  the  sectioned  area;  hence  the  net  work 

A/C  done  is  Aft  — Aft  and  is  shown  by 

it      ;    area  abl2.     This  area  is  seen  to  equal 
!     i    that  surrounded  by  the  lines  of   the 
_.       **  Oausius  ocle.     Hence,  in   the   ideal 

case  the  change  of  ktHelit  energy  A/C 
occurring  in  a  sleam  nosde  is  equivalent  to  Ike  external  vxtrk, 
A£  =  lAOi  —  Aftt.  done  v.-itk  a  Clausius  cycle  ktaring  the  same 
expansion  line  and  using  the  same  weight  of  material. 

Thus  A/C  (=  A£  =  Aft  -  Aft^  can  be  computed  by  the 
nunhixis  giwn  in  Stxt-  04  for  determining  the  work  of  the  Claudius 
(.■>ck'.  or  it  cm  be  obtained  from  the 
T^iiasram  or  fr»im  the  Mollier  Chart,  ""^^^j^ 

vd^  l.>n  the  Mollier  Ch.m.  Fig.  455.  VV.  _  ^ 
the  ideal  vi!*'ntrv«pio^  prvxiess  for  one  —  ^ — 
pi^untt  of  steant  is  represented  by  the  '     y^  ^^. 

lim"  I-.I.     At  the  initi.il  point  thecwi- 

dition  ivf  the  ste.un  is  x;.  *•..  Aft:  and  at  point  2  it  is  ts.  Pt. 
^(S-  nurin^  ;h^'  process  heat  equal  to  A/l  =  Aft  —  A^^.  as 
shown  !•>  :he  loiijith  1-2,  is  surrendered  for  prtiducing  the  flow.* 
.e  H,i\-r.s  :^^'-'.»d  AX'  =  Aft  -  Aft  .  the  \Telodt>-  <A  the 
stTwi;:;  pas---;-..;  ix'tr.i  .;  :s.  :n.>ni  Eq.    501  . 

:;  =  \  r.-'  -  =10.103  N  £'^Vft  -  Aft  !t.  sec  .     .     .      505 
;::  «~i,h   ."•  :>  thi'  crr.ciiT.cy  o:  heac  vfn\TeisioQ  as  oooqxircd 
w  ■.;■.  : -i  i.iL-..'.  .Mit.     Its  v.i;-,:c  is  -.;r.i:y  when  do  keecs  occur. 
*  r-.  y  ■^-  «-,vv.  tiir:    \_r«=>iL\    i*  ispetiilly  -.aief-i;  for  nsofe  ^Ktiars  a 


COXTINUOUS   FLOW   OF   GASES   THROUGH   ORIFICES         703 

If  the  acceleration  is  from  rest,  or  from  a  negligible  initial 
relocity,  which  is  ordinarily  the  case,  then  Eq,  (503)  becomes 

V  =  223.8  y/EfiAQ,  -  AQ,)  ft.  sec (504) 

V  =  223.8  VEf  X  AK  ft.  sec (505) 

(f)  If  the  velocity  of  the  stream  is  v  feet  per  second  at  any 
section  which  has  an  area  of  a  square  inches,  then  the  volume 
flowing  per  second  through  that  section  is  {va/i^)  cubic  feet; 
also  if  w  pounds  of  material  are  passing  the  section  per  second, 
and  if  the  specific  volume  is  V*  and  the  quality  x.  then  the 
volume  passing  per  second  is  wxV.     Hence,  at  the  given  section 

nixV  =  iw/144 (506) 

Thus,  if  a  given  weight  of  vapor,  of  known  specific  volume  and 
quality,  is  to  be  passed  with  a  given  velocity,  the  area  of  the 
pas.sagc  must  be  j^,^y 

a  =  -jp  X  144 C507) 

i  Or  the  weight  of  the  material  passed  by  a  given  area  may  be 
■  computed  from 

"'^ 's-*' 

While  the  foregoing  discussion  was  confined  to  steam,  it.  of 
course,  applies  equally  well  to  any  other  vapor.  But  these 
quations  cannot  be  applied  indiscriminately  as  will  be  shown  in 
lie  next  section. 

331.  The  Ideal  Steam  Nozzle,  (a)  Starting  with  any  initial 
ate  (piXi^Qi)  and  expanding  in  a  steam  nozzle  in  the  manner 
icribed,  it  will  be  found  that  as  the  terminal  pressure  is 
fcred  certain  peculiar  phenomena  occur  which  are  difficult 
.  understand  without  the  aid  of  curves.  These  curves  will 
r  be  constructed : 
[  For  a  series  of  such  expansions,  all  for  one  pound  of  steam 
ad  from  a  fixed  initial  absolute  pressure  ^1  and  quality  X].  to 

f  •  The  wdghi  of  the  atenm  per  pound  of  maierial  is  eqiuJ  lo  rhc  quality  x  and 
'   1  of  the  moisture  fa  (i  -  i);   tiw  volume  ot  the  sleom  is  rV  and  Ihat  a 
—  x)X  volume  of  I  pound  of  water.     .As  the  i-oliime  of  •> 
M  h  about  i^a  Jhal  of  th(  sleam  at  alrao^hcric  pte^ure  and  of  liked 
tt  prcMum  the  volume  occupied  by  the  moisture  in  the  uearc 
it  imludr'l  in  the  disc  ussion  givun  above. 
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progressively  decreasing  absolute  pressures  p,  let  there  be  de- 
rived the  successive  values  of  : 

(i)  The  quantities  x  at  pressures  p; 

(2)  The  heat  AK  =  AQi  —  AQ  theoretically  made  avail- 

able for  producing  flow;  and 

(3)  The  specific  volumes  V  at  pressure  p. 

Items  (i)  and  (2)  may  be  readily  obtained  from  the  Mollier  Chart 
or  they  may  be  computed  by  the  methods  given  in  Sect.  94;  and 
(3)  may  be  obtained  from  the  steam  tables.     Then  with  the  values 

of  AK  as  abscissas  plot  curves,  as  in 
Fig.  456  (a) ,  to  show  by  ordinates  how  p, 
X  and  V  change  with  the  surrender  of 
heat  as  the  expansion  progresses. 
Next  compute  the  progressive  values 

of 

(4)  The  actual  volumes  (xV)  of  one 

pound  of  material; 

(5)  The  jet  velocities  v  (by  substi- 
tuting the  different  values  of 
(AQi  -  AQ),  in  Eq.  (504))  ;  and 

(6)  The  areas  a  of  sections  required 
at  different  points  along  the 
nozzle  to  obtain  these  veloci- 
ties. These  areas  may  be  ob- 
tained from  Eq.  (507). 

Then  with  the  same  abscissas  as  before 
plot  curves,  as  in  Fig.  456  (b)  to  show 
by  ordinates  the  variation  of  jcV,  v  and 
a  with  AK, 

(b)  Now  referring  to  the  figure  it  will  be  seen  from  the  o-curve 
that,  as  expansion  progresses,  the  cross-sectional  area  of  the 
passage  must  at  first  contract  and  then  diverge,  if  expanrion 
is  carried  far  enough,  —  thus  the  nozzle  must  have  a  neck.  Pro- 
jecting upward  from  this  neck  to  the  />-curve,  it  will  be  found 
that  the  neck  pressure  is  about  58  per  cent  of  the  initial  pressure 
and  that  the  corresponding  point  Vn  on  the  r-curve  will  scale  at 
a  little  over  1400  feet  per  second.  And  it  is  important  to  note 
that  about  these  same  values  will  always  obtain  reg^ixdkm  of 


Fig.  456. 
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■the  initial  condition  of  the  steam,"  hence  they  are  called  the 

mcrilical  pressure  and  crilual  velocity. 

r  (c)  Fig.  456  (c)  shows  the  longitudinal  section  of  a  nozzle  in 
which  Uie  amount  of  heat  surrendered  per  inch  of  length  is 
constant  from  one  end  to  the  other  and  is  equal  to  the  abscissa 
scale  used  for  the  curves  above.  This  nozzle  is  for  one  pound 
of  steam  flowing  per  second,  with  terminal  pressure  pi  pounds 
absolute  and  final  velocity  Vi,  as  shown  on  the  respective  curves. 
Corresponding  to  any  other  pressure  of  exit  from  the  nozzle, 
the  end  diameter  may  be  found  by  projecting  downward  from 
the  proper  point  on  the  p-curve  to  the  longitudinal  section  of 
the  nozzle;  —  thus  for  discharge  to  atmospheric  pressure  (14.7 
lbs.)  the  end  diameter  is  seen  to  be  d^,  the  length  of  nozzle  is 
/j,  and  the  terminal  velocity  is  vy,  for  discharge  to  a  pressure 
P'  =  -5^  pi  the  corresponding  values  would  be  rfn,  L  and  n.; 
and  for  terminal  pressure  equal  to  Pb  they  would  be  da.  la  and 
vb-  Evidently  a  nozzle  originally  used  with  discharge  pressure 
p,  will  be  theoretically  correct  for  a  case  where  the  pressure  is 
atmospheric,  if  its  end  is  cut  off  sufficiently  to  have  the  final 
diameter  beyond  the  neck  equal  to  if_(,  and  similarly  for  the 
other  terminal  pressures.  Thus  regardless  of  the  exit  pressures, 
Fig.  456  (c)  is  the  horizontal  section  of  all  nozzles  discharging  the 
same  weight  of  steam  per  second  with  same  initial  conditions, 
the  only  difference  between  the  various  nozzles  being  in  the 
lengths  and  end  diameters,  which  are  made  to  correspond  to 
the  terminal  pressures. 

(d>  The  reason  the  neck  is  present  in  all  cases  where  the  cx- 
i  to  a  pressure  below  .58  pi  can  now  be  easily  explained; 
From  Eq.  (507)  the  area  of  the  nuzzle  at  any  section,  per  pound 
f  material  flowing  per  second,  is 

xW  ^ 
a  =  —  X  144. 

I  referring  to  the  curves  for  xV  and  v  in  Fig.  456  (c)  it  will 

!  seen  that  as  the  expansion  progresses  the  numerator  xV  at 

t  increases  much  slower  than  does  the  denominator  ip,  and 

;  the  nozzle  areas  (a)  must  first  diminish;    but  that  1 
?  CTjnditions  are  reversed,  consequently  the  an 
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increase.    Obviously  there  must  be  a  neck  where  the  converging 
and  diverging  portions  of  the  nozzle  join. 

(e)  It  has  been  seen  that,  corresponding  to  each  cross  section 
of  the  nozzle,  the  steam  has  a  definite  condition  and  velocity,  as 
shown  by  the  ordinates  in  Fig.  456  immediately  above  the  sec- 
tion under  consideration.  If  the  cross  sections  of  the  nozzle 
were  shifted  or  spaced  differently,  so  as  to  alter  the  longitudinal 
section  of  the  nozzle  from  that  sho^-n,  the  ordinates  of  the 
curves  ^x»uld  be  similarly  shifted  and  the  character  of  the 
cur\-es  would  change.  This  shifting  may  be  so  done  as  to  cause 
any  one  of  the  cur\-es  to  become  a  straight  line;  thus  the  nozzle 
may  bo  such  as  to  cause  a  uniform  drop  in  pressure  throughout 
its  length,  or  a  uniform  increase  in  velocity-,  or  a  uniform  in- 
crease in  volume,  whichever  is  most  suitable  for  the  purpose  in 
hand,  or  anv  line  can  be  made  to  hax'e  anv  desired  cur\-ature. 

Tsuallv  nozzles  are  made  isv-ith  rounded  entrance  like  that 
shown,  but  wth  straight  conical  dix^ergence,  as  in  Fig.  457,  as 

this  form  is  easiest  to  make  and  appears  to  be 

about  as  efficient  as  anv.     The  stream  lines  of 

the  jet  issuing  from  such  a  nozzle  are  practically 

(parallel,  which  is  important  if  the  jet  is  to  act 

Fig-  457.         OJ^  turbine  blades.     For  such  a  nozzle  it  is  only 

necessar\'  to  compute  the  areas  of  the  neck  and 

discharge  end;  the  entrance   is   then   made  rounded  and  the 

dix'erging  portion  is  conical,  the  length  depending  on  the  angle 

of  divergence,  which  should  not  be  too  great. 

Vf^  With  a  giwn  nozzle  i^ideal  or  approsdmatdy  such)  it  is 
found  that,  accompanying  a  lowering  of  the  pressure  against 
which  it  dischar\:es,  the  \-elocity  of  flow  increases  until  that 
through  the  snuiJ^^s:  section  ^or  neck»  reaches  the  critical  value 
vtho  presc>ure  then  being  the  critical  one^  and  that  any  further 
diminution  of  iho  pressure  does  not  change  the  ^'elocit^'  and 
presciure  at  that  section,  nor  does  it  increase  the  weight  of  mate- 
rial !?o\k-ini:  per  secv^nd  thn>Uv:h  the  nozzle.  Hence,  if  the  ter- 
min.\l  i^rx^ssure  is  Wow  .^S  ^:.  the  area  of  the  neck  and  the 
vritivwl  velvx^ity  will  fix  the  amount  of  material  doving  per 
s<wr;v:.  1:  merely  an  orince  ^-i:h  rounded  entrance  is  used  the 
vi!>v '::,-. rcx^  ve!^x^i:>-  ^-ill  be  ihe  critical  reg-ardleas  of  the  piressme 
ac^.^'st  \vh:oh  the  ^et  issues,  oroN^ded  it  is  below  tiie  criticaL 
Attcr  the  steam  has  once  rvissed  the  neck  it  can 
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in  a  properly  proportioned  nozzle  and  can  acquire  in  the  diverg- 
ing portion  of  the  nozzle  an  increased  velocity  of  any  desired 
_ainount   (theoretically),  its  value  merely  being  dependent  on 
^e  terminal  pressure. 


fluic 


3^2.  Actual  Steam  Nozzles,     (a)   It  will  be  remembered  that 
iabatic  conditions  are  those  under  which   the  working  sub- 
while  undergoing  a  thermodynamic  change,  neither  re- 
lives nor  surrenders  heat  as  such. 
It  has  already  been  shown  that  in  the  actual  case  of  flow 
rough  nozzles  the  conditions  are  practically  adiabatic,  for  the 
of  contact  of  each  particle  with  the  wall  is  infinitesimal 
and,  with  continuous  flow  in  one  direction,  each  portion  of  the 
nozzle  wall  becomes  healed  to  the  temperature  of  the  contiguous 
fluid  and  remains  at  that  temperature;  hence,  neglecting  radia- 
m  and  conduction,  there  is  no  temperature  head  to  produce 
.t  transfer, 

(b)  But  although  the  conditions  are  adiabatic  the  expansion 
process  is  not  necessarily  the  equivalent  of  an  isentropic  one. 
In  fact,  it  is  possible  to  obtain  adiabatic  conditions  of  expansion, 
from  the  higher  pressure  to  the  lower  one,  under  which  none 
of  the  potential  energy  may  be  converted  into  kinetic  energy  of 
a  flowing  stream.  For  example,  if  the  expansion  is  through  a 
porous  plug  with  pressure  drop,  the  velocity  of  flow  is  negli- 
gible and,  as  has  already  been  seen,  the  total  heat  A(?s  per  pound 
of  working  substance  at  the  end  of  the  process  is  equal  to  the 
amount  AQi  it  had  at  the  beginning,  hence  A^i  —  A^j  =  o 
and  AK  =  O.  This  expansion  from  the  higher  to  lower  pressure 
is  along  the  constant  heat  lines  on  the  T^-diagram  and  on 
the  MoUicr  Chart  and  is  accompanied  by  increase  in  entropy. 

lis  is  a  case  of  resisted  flow,  and  it  can  be  considered  that,  for 
slight  pressure  drop,  some  of  the  intrinsic  energy  (65  +  (/) 
the  material  is  expended  in  producing  velocity  (Sv)  of  flow 
rough  a  short  length  of  plug,  but  that  the  friction  and  eddy 
irrents  reconvert  this  energy  (&K)  of  flow  back  into  heat  HQ) 
Itch  is  returned  to  the  fluid  and  brings  its  stock  back  to  the 
inal  value.     Throttling  of  steam  is  a  similar  process. 

(c)  Between   the  constant   heat    expansion    {with    AK  =  o) 
id  the  isentropic  one  (with  AK  =  A£)  there  may  be  an  un- 

tcd  number  of  processes  even  though  under  adiabatic  coo- 
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ditions.  It  is,  of  course,  desirable  to  so  proportion  the  nozzle 
that  it  will  offer  no  resistance  to  expansion,  and  cause  no  eddying, 
also  that  it  will  deliver  the  material  in  parallel  stream  lines.  If 
this  is  effected  the  ideal  conditions  exist  and  the  expan^tm  is 
equivalent  to  isentropic. 

(d)  With  resisted  flow  the  velocity  of  the  steam  can  be  com- 
puted by  using  Eq.  (505)  and  introducing  the  efficiency  coeffi- 
cient Ef,  the  proper  values  of  which  depend  on  the  character, 
extent  and  shape  of  the  guiding  walls,  and  on  the  velocity, 
density  and  quality,  or  superheat,  of  the  steam.  The  values  of 
Ef  range  from  .85  to  .97  in  nozzles  used  in  turbines. 

(e)  The  case  of  resisted  flow  is  shown  on  the  T^-diagram  in 
Fig.  458,  the  heat  AQi  initially  associated  with  each  pound  of 

working  substance  being  shown  by  the 
area  surrounded  by  the  heavy  line.     If 
the  expansion  were  ideal,  from  i  to  3,  the 
— S  ^^   heat  ^Qt,  at   temperature  Ti,  remaining 
in  the  material  after  the  process  would  be 
shown  by  the  area  below  ab3.     However, 
with  resisted  flow  to  the  same  lower  tem- 
perature,   7],   less   heat   than    the   ideal 
'  amount  is  abstracted :  hence  more  heat  (of 
total   amount   SQt')   remains   associated 
vith  the  material,  its  amount  being  sho«-n 
by  the  sectioned  area.     The  final  state  point  is  then  at  2';   the 
qualits-  is  xt,  which  is  higher  than  xt  as  would  be  expected,  and 
^  is  the  entropy,  which  is  greater  than  ^. 

Evidently  the  heat  a\*ailable  for  accelerating  the  jet  is  SK' 
=  (A(>i  —  A(?;')  which  may  be  used  under  the  radicals  in  Eqs. 
(504^  and  (505)  to  obtain  the  \elocity  of  flow  for  this  case:  after 
which  Eqs.  1507)  and  1508)  may  be  used  in  the  same  manner  as 
Ix'fore.  If  Ef  is  the  eflicienc\-  of  con\ersion  then  \K'  =  \K  X 
Ef.  whore  IK  is  the  energy-  theoretically  a\-ailable  In  the  ideal 
cast'.  In  the  T6-di,igram  there  is  no  one  area  representing  this 
av.iiLible  onerg>-  IK':  it  is  merely  shown  by  the  difference  be- 
iwivn  iho  aroa  surrounded  by  the  hea\->  line  and  that  which  is 

h.Uih«l. 

f~  The  Mollier  diagram  for  resisted  flow  is  shown  in  Fig, 
450,  Wiih  idc.il  o\p.insion  from  state  point  i  to  2.  the  heat 
per  [vund  ot  steam  would  change  from  AQi  to  Aft,  the  beat 


Fig.  ■tS9- 
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Surrendered  would  be  \K  =  A^i  —  ^Qi,  and  the  final  quality 
■ould  be  Xi.  With  resisted  expansion  to  the  same  terminal 
^sure,  pi,  more  heat,  \Qt'  (>  A^s),  remains  in  the  steam  than 
I  the  ideal  case  (as  less  is  abslracted)  and  the  Anal  state  point 
B  found  at  the  intersection  2'  of 
•he  constant  heat  line  of  \Qt' 
Ifith  the  pressure  line  p^.  The 
mal  quality  Xt  (>  Xi)  and  en- 
■opy  *t  C>  ^i)  '"■e  determined  . 

the    quality    and    entropy 
ines  passing  through  point  2'. 

:  heat  converted  into  kinetic  energy  is  AX'  =  AQi  —  Aft' 
~^i<  AX),  and  as  before  AK'  =  AiCX  Ef.     This  value  of  AJC' 
13  then  used  in  the  manner  described  at  the  end  of  the  preceding 
paragraph,* 

(g)  The  values  of  AX'  and  Xi  may  also  be  found  by  corapu- 
Htion.  First  AJf  for  the  idea!  case  is  determined  by  the  methods 
pven  in  Sect.  94  for  the  Clausius  cycle.  Then  with  Ef  assumed, 
%K'  U  \K  X  Ef,  and  the  heat  remaining  per  pound  of  steam  at 
!nd  of  the  process  is 

\Q,'  =  Aft  -  {^K  XEf) (509) 

Since  Aft'  =  JTi'rt  +  qt,  it  follows  that 

x~:  =  (Aft'  -  g,)  -^  ri (510) 

iiere  qt  and  ri  correspond  to  the  known  terminal  pressure. 
]  The  final  entropy  is  then 


-fa  =  «(,  +  - 


(51 0 


t  which  all  quantities  on  the  right-hand  side  of  the  equation 
Ire  either  known  or  can  be  obtained  from  the  steam  table. 
'  (h)  The  purpose  of  the  foregoing  discussion  is  merely  to  pre- 
the  fundamental  thermodynamic  theory  underlying  the 
_Pow  of  steam  at  high  velocities  through  nozzles  and  orifices. 
A  detailed  discussion  of  the  subject  cannot  be  attempted  in 
this  book  and  for  further  study  the  student  is  referred  to  any  of 
the  numerous  textbooks  on  Steam  Turbines. 


H  333. 


Empirical  Formulas  for  the  Flow  of  Steam  through  ( 

(a)    It  is  sometimes  convenient  to  have  simple 
mulas  for  quickly  determining  the  approximate  velocip 

•  The  Ellenwood  Chart  can  be  used  similarly. 
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discharge  from  a  gi\*en  orifice,  or  for  obcmnsnf,  tK  aos  of  orifice 
required  for  discharging  a  given  wriqftz  s  iffTirr  per  acond, 
when  the  discharge  pressure  is  belov  -5*  9k  Tm:  infioving  tit) 
formulas  apply  to  such  cases  vfaen  tic  -jTmrt  ia^  ^  ?roperf> 
rounded  entrance,  and  they  also  apf3£y  ta  taK-  iwrk  :e  i.  crvnpng 
norzle. 

^b^    Xa pur's  experimentally  detcnEsosf  mu^  {t^o-^  ^be  poonds 
of  ste*un.  initially  dr\-.  floving  per  secooif  frait  ml  zjrmrt  ic*  be 

a-  =  ^  X  c   -^  "^       -     -  512: 

oi  the  area,  in  square  inches,  is 


a  =  705r-5-f.  513! 

whorv  p  is  the  absolute  preasme  in  pccmy  per  ^tjnrr*  Tarr 

c    A  slijihtiy  r>?re  Acrurate  bsn  jcsb  ccin^aii=ir  iarazdi  is 
that  due  to  Grzj.%y.     For  sceam  iinritlh- 


5U 


CO 

frvvii 


bsv  of  Ssnta  A:'jm^  P^es.      a   Tiif   iev  xr  wt 
^~.  r. :  '  "^     '    :  ~-.r7  rd  "T't  "  :••  •?  '»r>  ii?i«?c  n  nr*5s  ire  ^W" 
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another  raeihod   which  disregards  altogether   the  quantity  of 
energy  expended  and  only  considers  the  pressure  drop  that  is 
in\-olved.     This  method  makes  use  of  Eq.  (410},  which  for  round 
'  pipes  becomes 

^"'^.fi'i (5-« 

If  W  pounds  of  steam  flow  per  minute,  the  volume  flowing 
I  per  second  is  the  product  of  the  weight  per  second  {W/Cid)  and 
I  the  specific  volume  V,  which  is  the  reciprocal  of  the  density  i. 
f  If  the  diameter  of  the  pipe  in  inches  Is  d,  the  velocity-  of  flow 

obviously  V  =  (144  reV)  -rr  (60  itd}/^).  Substituting  this  in 
rEq.  (516)  and  solving  gives  the  pipe  diameter  in  inches, 

i-'<IW. (5>7) 


W  =  pounds  of  steam  flowing  per  minute, 
L  =  length  of  pipe  in  feet, 
V  =  specific  volume  of  the  steam, 
AP  =  pressure  drop  throughout  the  length  of  pipe,  and 
c  =  a  constant  whose  value  is  ordinarily  ,2,  but  this  may  be 
decreased  slightly  with  very  large  pipes,  as/  seems 
to  diminish  somewhat  as  the  diameter  is  increased. 
The  longer  the  pipe  is  made  and  the  smaller  the  pressure  drop 
allowed,  the  larger  will  be  the  diameter.     But  a  larger  diameter 
■.means  increased  first  cost  and  greater  heat  loss  by  "radiation." 
Ltlence  the  diameter  selected  should  be  a  compromise  based  on 
ill  these  considerations. 

(c)  If  the  allowable  velocity  {v„)  of  flow  in  feet  per  minute  and 
|ic  total  volume  {V„)  of  steam  to  be  transmitted  in  the  same 
sngth  of  time  are  known,  then  the  area  of  pipe  in  square  inches 
Bimediatelv  follows  from 

„  _  y„  X  144 


-     .     -     (518) 

[  For  steady  flow  in  high-pressure  steam  mains  v„  is  generally 
(out  6000  feet   per  minute  for  saturated   steam,  while  with 
luperheated  sieam,  with  the  larger  sizes  of  pipe,  and  with  those 
K^of  short  length,  somewhat  higher  values  prevail. 

Exhaust  pi[)es  from  turbines  to  condensers  have  velocities  as-1 
6  24,000  feet  per  minute  and  even  higher  in  sonn-  ._d 
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(d)  Steam  engines  receive  and  exhaust  the  steam  intermit- 
tently and  the  area  of  pipes  is  commonly  obtained  by  using  Eq. 
(274)  with  V  «  6000  to  7000  feet  per  minute  for  high-pressure 
live  steam  pipes  and  v  =  3500  to  5000  for  exhaust  pipes. 

335.  Application  of  Steam  Nozzles.  The  largest  field  of 
application  for  steam  nozzles  is  in  steam  turbines,  which  have 
already  been  considered.  Another  wide  field  is  in  Steam  In- 
jfctors,  used  for  delix'ering  feed  water  to  boilers,  and  for  similar 
pur(x>ses.  This  piece  of  apparatus,  in  its  simplest  form,  is 
shown  diagrammatically  in  Fig.  460.     Briefly  it  operates  as 


follows:  Steam«  admitted  through  ^-alve  K,  acquires  high  vdoc- 
ity  in  passing  through  the  notzzle«  is  condensed  by  the  water  in 
the  Ci>nihining  tube  and  drix^es  the  water  throi^i  the  deliver>' 
tube  v^nd  check  val\n^  into  the  pipe  leading  to  the  boiier.  Thus, 
the  flow  through  the  nozzle  is  similar  to  that  in  the  ordinal}' 
case*  and  the  kinetic  ener^*  of  the  jet  is  used  for  injecting  the 
water  into  the  boiler  against  the  pressure  existing  there. 

Steam  nozzles  ane'  ako  urscd  for  inducing  draft  in  the  stacks 
i>f  Kxx>nHni\>rs  and  traction  engines,  the  exhaust  steam  being 
u:!^  tor  the  puryxx^.  which  results  in  a  slight  increase  bi  the 
Kick  pcv!j5s*iT^  on  the  engine. 

336.  Pcffect  Flow  of  Ideal  Gas.  \a^  in  cider  to  apph-  the 
ix;ua:x^«s  v>c  Sec:.  %>j  to  the  Ac**-  of  gascs^  it  is  &rst  necessary  to 
vV:er!r.::>e'  :ht^  :n:rin>ic  eners:>\  A5  —  A/  =  o^.  per  poond  of 
nvA:t^r*Ai  I:  m-jL<  2vK*vrt  :n  Sect.  i»  ^^*  durii^  tseotncipk:  ex- 
ivi'^^i'vx:  :b!e  wvck  ivrfocraievi  p^fr  ^xzac  c<  ^^ts  is.  frooi  Eq.   50a  . 
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If  h  is 
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I  =  o,  then  all  the  intrinsic  energy  is  (inverted  into  external 
;.     Thus,  upon  this  assutnption.  the  total  intrinsic  energy  per 
kJund  of  material  is,  in  general, 

■7;S(r-i) 

Then  from  Eq.  (496)  the  potential  energy  per  pound  i 
^1-0),  _        I  PV 


AS. 


(519) 
s  {since 


Fo- 


;+PvW778 

-,  iPV)  +  778. 


(520) 


This  is  measured  above  a  datum  of  absolute  zero ^F  pressures 
and  temperatures,  but  as  all  problems  in  flow  involve  only  differ- 
ences in  energies  this  fact  need  cause  no  inconvenience. 

(b)  Substituting  in  Eq,  C501),  for  points  i  and  2  in  Fig.  452, 
^e  values  of  Poi  and  Pot  in  terms  of  Eq.  (520),  gives 

1  =  o,  then  the  final  velocity  is 


\2g        2gl 


-  (PiV,  -  P,V,). 


(521) 


-  (PiVi  -  P,V,), 


(5=2) 


s  which  c  is  a  discharge  coefficient  with  value  equal  to  unity  in 
i  ideal  case.    Substituting  this  value  of  v  in  Eq.  (508),  with 
E=  I.  the  weight  discharged  per  second  is 


144  V, 


r'V'8:^ 


-(/■iV, -p,vo. . 


(523) 


I  All  quantities  on  the  right-hand  side  of  this  equation  are  gen- 
ally  known  at  the  outset  except  Vj.     This  lallcr  must  be  de- 
[nined  before  a  solution  can  be  effected.     With   isentropic 
insion  its  value  is  found  from  the  relation  P^{'  =  PyC  to 


\  (c)  Substituting  the  \ 
nplifying  gives 


ilue  of  Vj  in  Eqs.  (522)  and  (523),; 


-V -7^ -■-■!' -(fti'T 
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and    w 


-T^^f^jsl'^^A-^y'l-  •  <-=' 


From  which  the  area  needed  to  discharge  a  given  weight  is 


a  -  (.44- VO  +[c(f/  y  .,_^P.V.|i-(^J  ^]]   (5^) 

An  HOC  t  ions  i  and  2,  in  Fig.  452,  may  be  located  at  any  points 
along  the  conduit,  or  nozzle,  it  is  possible  to  use  these  formulas 
to  unalyzoflHe  -changes  occuring  between  any  two  sections,  or 
over  the  ^Q^e  fcngth  of  passage. 

(d)  If  a  curve  is  plotted  to  show  how  »,  in  Eq.  (524),  varies  as 
{P%/P\)  is  decreased,  it  will  be  found  that,  as  in  the  case  of  steam, 
the  nozzle  will  have  a  neck  if  Pj  is  low  enough,  and  that  the 
veliKMty  through  this  neck  becomes  a  maximum  when  a  certain 
value  of  Pt/P\  is  reached.  By  differentiating  Eq.  (524)  and 
making  iiv/d{Pt/P\)  =»  o,  this  maximum  velocity  is  found  to 
(KX'ur  when  7 


Pt/P 


1 


-{^r (5.7) 


tlir  value  of  which  is  .527  when  7  =  1.41.  Thus  in  this  case 
tlie  maximum  or  Critical  Velocity  at  the  neck  occurs  when  P* 
has  Ikvu  nxluced  to  a  critical  pressure  of  .527  Pi. 

This  phenomenon  has  been  repeatedly  verified  experimentally. 
It  is  found,  as  with  steam,  (i)  that  at  the  neck  the  critical  pres- 
sun*  is,  in  tlio  ideal  case,  always  about  .527  Pi,  proxided  the 
pn^ssun^  lH\vond  the  nei^k  is  equal  to  or  less  than  this  amount: 
^j^  tluu  lowvring  the  discharge  pressure  below  the  critical  pre>- 
su!v  ohangi^  neither  the  pressure  nor  the  \-elocitN'  at  the  neck: 
and  v.O  tluit  the  neck  w^Kx-ity  and  initial  PV-condition  deter- 
mino  the  maximum  amount  of  working  substance  which  can 
flow  thnni>:h  a  civen  oritioe  or  nozzle.  Equations  524  and 
^5^5"^  will  tluMx^ton^  j;i\x*  the  m^iximum  ideal  \-elocir\'  and  w^ei^t 
of  dis^^hari^x^  thrv>uj:h  a  neck  of  giwn  cross  section  if  .527  i« 
suK^titutwl  tor  i^P:  P:^ :  and  Eq.  .526"^  can  be  used  10  oocspcte 
the  ni\  k  anw  nx]uirx\l  for  discharging  a  gi\'en  w«giil  of  g^s.  if 
Mt^^ilar  Mihstiuuion  is  made, 

e^   In  SiVT   S7  f   it  was  sho^Ti  that  wher.  steam  expinds  laess- 
lix^pivalh .  lor  an  initial  quality  greate*  than  70  per  oen:-  :» 


d^Wl  C(  HI 


ily  and 
lurse  less 
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process  is  represented  quite  accurately  by  the  equation  for  the 
isen tropic  expansion  of  gas,  with  an  exponent  «  equal  to  (1.035  + 
x),  in  which  x  is  the  quahty  fraction.  Thus  it  follows  that 
Eqs,  (524J  to  (526)  are  applicable  to  the  flow  of  steam  through 
orifices  if  this  value  of  n  is  substitutefl  for  y.  t 

(f)  When  the  quality  is  unity,  n  =  1.135.  and  if  this  value  is 
introduced  for -y  in  Eq.  (527)  it  is  found  that  the  maximum  fiow 
•vf  dry  saturated  steam  through  an  orifice  occurs  vjhen  Pi/ Pi  =  .58 
(about).  This  is  the  value  found  by  the  method  given  in  Sect, 
J31  and  its  correctness  has  been  verified  experimentally.* 

337.  Imperfect  Plow  of  Gases,  (a)  The  aci 
weight  of  discharge  from  an  orifice,  or  nozzle 
than  the  theoretical.  There  are  a  number  of 
reasons  for  this;  —  The  real  gases  differ  some 
what  from  the  ideal ;  friction  prevents  some  of 
the  available  heat  energy  from  becoming  con 
Verted  into  kinetic  energy  of  flow;  some  of  the 
kinetic  energy  is  wasted  in  producing  eddy 
currents;  heat  energy  is  lost  by  radiation  and 
conduction;  and,  if  an  orifice  has  improperly 
shaped  walls,  the  cross  section  of  the  jet  at  its 
neck  may  be  less  Uian  that  of  the  onfice,  as 
indicated  in  Fig.  461.  To  make  allowance  for 
the  contraction  of  area,  and  for  the  various 
losses,  the  discharge  coefficienl  c  is  introduced 
(526).  The  value  of  this  coefficient  varies  from  .56  for  certain 
sharp-edged  circular  orifices  to  nearly  unity  in  the  case  of  a 
mouth  with  properly  rounded  entrance. 

*  For  superheated  steam  7  is  about  1.3  and  Pi/Pi  =  .546. 


Fig  461 

I  Eqs.  C524}  to 
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338.  DeflnitionB.  (a)  Air  compressors  in  the  broadest  sense 
are  all  devices  used  for  raising  the  pressure  of  air,  but  technically 
the  term  i^fenerally  applied  only  to  apparatus  which  raises 
the  pres^^^^  a  comparatively  high  value,  say  some  value 
between  ^^H  several  hundred  pounds  per  square  inch.  In 
extreme  cases  the  pressure  is  increased  to  several  thousand 
pounds  per  square  inch. 

(b)  Other  devices,  such  as  fans  and  rotary  blowers,  are  really 
compressors  but  are  seldom  spoken  of  as  such,  principally  be- 
cause the  pressures  attained  are  so  small  that  the  principal  func- 
tion may  be  considered  to  be  the  propelling  of  air  rather  than 
its  compression. 

(c)  The  term  Blowing  Engines,  or  Blowers,  is  used  to  desig- 
nate certain  apparatus  used  for  compressing  air  to  pressures 
between  about  10  pounds  and  30  pounds  above  atmospheric  for 
use  in  blowing  cupolas  and  blast  furnaces.  These  are  properly 
air  compressors  but  because  of  the  low  pressures  many  of  the 
difhculties  attending  compression  to  higher  pressures  are  not 
met  in  their  design. 

339.  Elementary  Air  Compressor,  (a)  The  essential  parts  of . 
an  ideal  air  compressor  of  the  simplest  kind  are  shown  semi- 

diagrammatically  in  Fig.  462,  A  bdng 
the  spring-closed  admission  or  inlet 
valve,  which  opens  inwardly,  and  B 
the  spring -closed  discharge  valve, 
opening  outwardly.  In  the  simplest 
case  there  will  be  no  clearance,  the 
piston  just  touching  the  cylinder  head 
at  one  end  of  its  stroke. 

(b)  Imagine  the  piston  in  a»tact 
with  the  cylinder  head  in  the  ideal  case.     By  the  applicatioa  of 
an  external  force  to  the  piston  rod  the  piston  can  be  drawn  to  the 
7t6 
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compression  will  be 


ri^t,  and  air  will  then  enter  the  cylinder  through  valve  A  at 
atmospheric  pressure  Pi,  according  to  the  horizontal  line  ab,  in 
Fig.  463. 

(c)  When  the  cylinder  has  been  thus  filled  with  air,  the  piston 
[  may  be  driven  back  to  the  left.  As^oon  as  such  motion  starts 
I  the  valve  A  will  be  closed  by  the  light  spring  shown,  and  the 
fc  air  entrapped  in  the  cylinder  will  then  be 
Icomprcssed   according    to   some   law,  as 

ifaown  by  be,  the  6nal  volume  being  dc. 
I   Thereare  two  limiting  conditions  which  - 
lay  be  imagined  as  existing  during  com- 
ession : 

(1)  No  heat  may  be  removed  from  the 
lair  during  iJie  process,  in  which  case  ihe 

\dmbatic  (with  rise  in  temperature);  and 

(2)  All  the  heat  generated  during  compression  may  be  re- 
loved,  in  which  case  the  compression  will  be  isothermal. 

All  actual  cases  generally  fall  between  these  limits  as  will  be 
■en  later. 

(d)  Imagine  the  discharge  pipe  to  be  connected  to  a  closed 
"a  receiver,"  in  which  is  maintained  a  constant  pressure. 

Pi,  equal  XoP^-  Assume  further  that  the  action  of  this  pressure 
upon  the  valve  B.  plus  the  action  of  the  spring  is  such  that  a 
uniform  pressure  of  P^  pounds  per  unit  area  of  valve  face  will 
just  balance  it. 

Then  when  the  piston  has  compressed  the  air  to  the  pressure 
m^t  the  discharge  valve  will  open  (at  c)  and  the  continued  motion 
;  the  piston  will  "discharge"  the  air  at  constant  pressure,  Pi, 
B  shown  by  the  line  cd.  Thus,  the  piston  will  end  its  stroke  in 
Bntact  with  the  cylinder  head,  having  discharged  at  pressure 
'1  all  the  air  received  at  pressure  Pj. 


k  340.  Work  Done  in  Compressor,     (a)  In  Fig.  463.  area  abge 

hows  the  work  done  upon  the  piston  during  the  outstroke  by  the 

gitering  air,  gbcde  represents  that  done  by  the  piston  on  the  air 

uriog  the  instroke,  and  the  net  work  is  shown  by  area  abed. 

[  Thus  the  area  of  the  "compressor  diagram,"  or  card,  meas- 

i  the  net  work  done  by  the  piston  upon  the  air.  just  as  the 

1  of  an  engine  diagram  measures  that  done  upon  the  piston 

T  the  wrprking  substance. 
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The  Compression  Line. 

(b)  In  Fig.  464  are  given  two  superposed  diagrams,  abed  and 
abc'd,  both  from  the  same  ideal  compressor  which  is  to  compress 
to  a  pressure  Pt  =  Pd  the  amount  of  air  which  originally  oc- 
cupied the  volume  Vb  cubic  feet  when  at  atmospheric  pressure. 

_^ ,0  The  compression  line  be  is  an  isothermal  and 

\  \  the  line  be'  is  an  adiabatic. 

\  ^    \c\c'  It  is  evident  from  the  figure  that  the  dia- 

\\*  gram  containing  an   adiabatic  compression 

.^^S^^Pa     line  encloses  more  area  than   that  having 

i::::zzrvd^^^»^  isothermal  compression,  and  hence  more  en- 
Fi^4l|!^F^  crgy  from  some  outside  source  will  be  re- 
quired per  cycle.  Obviously,  the  isothermal 
compression  is  the  more  desirable,  other  things  being  equal,  the 
work  saved  over  that  with  adiabatic  compression  being  shown 
on  the  diagram  by  the  area  ebe'.  The  higher  the  compression 
pressure  the  greater  is  the  ratio  of  the  work  done  with  adiabatic 
compression  to  that  with  isothermal. 

(c)  With  isothermal  compression  the  temperature  of  the  air 
at  e  and  b  is,  of  course,  the  same,  but  during  adiabatic  compres- 
sion the  temperature  rises  according  to  Eq.  (51),  the  final  tem- 
perature being 

r/  =  n(^y""'=nr^'    ....  (528) 

in  which  r  =  ratio  of  compression  =  T^y  • 

y  e 

If  the  air  with  pressure  PJ  and  volume  VJ  is  cooled  at  con- 
stant pressure  it  will  attain  a  volume  Ve  when  the  initial  tem- 
perature 7\  is  reached.  This  is  approximately  what  happens 
in  most  real  cases,  for  after  the  cooling  has  occurred  the  air  is 
in  the  same  condition  as  though  it  had  been  compressed  iso- 
thermally.  It  is  therefore  advisable  to  strive  for  isothermal 
compression  if  this  can  be  attained,  or  approached,  without 
entailing  greater  outlay  than  the  cost  of  the  work  area  cbc\ 

Formulas  for  Work. 

(d)  From  the  diagrams  of  Fig.  463  and  Fig.  464,  the  work 
done  by  the  piston  per  cycle  with  isothermal  eompression  and  no 
clearance  is  evidently 
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Work  =  work  on  be  +  work  un  cd  —  work  on  ah,  ft,-lbs. 

=  P,V,\og.~^  +  P,V.-  P^Vt,\oot-poiin6s.,.     .(529) 

With  adiabatic  compression  the  work  is  (Fig.  464) 
Work  =  work  on  be'  +  work  on  e'd  —  work  on  ab 

=       -•-'     _^OK6     _|_     p,    y^,      _     p^    y^^       foot-pounds.         .  (530) 

With  any  compression  curve  expressible  by  the  equation  PV" 
■■  constant,  the  work  per  cycle  is  j^ 

Work  =  work  on  be"  +  work  on  c"d  —  workimab 

=     '      '  _     -^'  4-  P"  V,"  -  P»  Vi..  foot-pounds.      (531 ) 

341.  The  Effect  of  Clearance,  (a)  No  real  compressor  can 
;  operated  with  the  zero  clearance  assumed  for  the  preceding 
lementary  consideration.  There  must  always  be  a  certain 
mount  of  mechanical  clearance  between  cylinder  head  and 
Hston  to  insure  safe  operation  and  there  are  always  passages 
r  ports  of  some  sort  between  the  valve  faces  and  the  inside  of 
he  cylinder. 

(b)  In  Fig.  465  is  given  an  ideal  compressor  diagram  for  a 
lachine  with  clearance  volume  K^i  =  V^.  At  the  end  of  the 
ischarge.  that  is,  after  the  completion  u^veI 
f  the  constant -pressure  process  cd,  the 
learance  contains  V,t  =  Vd  cubic  feet 
f  ^r  at  a  pressure  Pj  =  Pj.  When 
lie  fHSton  starts  on  the  outstroke  the  ' 
alel  valve  will  be  held  closed  by  this 
ntil  the  piston  has  moved 
Ut  far  enough  to  allow  the  clearance  '*'  ***^' 

ir  lo  expand  to  atmospheric  pressure  according  to  some  such 
s  as  da.  When  a  is  reached  the  inlet  valve  will  open  and 
lUring  the  remainder  of  the  stroke  external  air  will  enter  the  cyl- 
s  in  the  previous  case.  Though  the  stroke  of  the  piston 
\  such  as  to  make  available  the  volume  W  —  7,'  =  V„  the 
mount  of  air  actually  entering  the  cylinder  will  be  Fj  —  V,  —  K^ 
nd  only  a  fraction  of  the  stroke,  equal  to  Vo/V„  has  thq 
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been  usefully  employed.    Thus  the  volumetric  efficiency  of  this 
ideal  simple  compressor  must  be 

VEf  =  ^^ (532) 

Obviously  the  piston  displacement  of  the  compressor  with 
clearance  must  be  to  that  of  the  compressor  without  clearance 
in  the  proportion  F,/  F.,  if  both  are  to  compress  the  same  quan- 
tity of  air  per  cycle,  therefore  the  existence  of  clearance  makes 
necessary  a  larger  compressor  to  handle  a  given  volume  of  air.y 


d^ff, 


feet  of  Clearance  upon  Work. 

(c)  In  the  ideal  case  it  may  be  assumed  that  the  expansion 
of  the  clearance  air  along  da  takes  place  according  to  the  same 
law  as  the  compression  of  the  mixture  of  clearance  air  and 
cylinder  charge  along  the  curve  be.  Then,  if  the  clearance  air 
be  imagined  to  be  separated  by  a  flexible  diaphragm  from  the 
fresh  charge,  and  to  be  used  over  and  over  again,  it  is  evident 
that  it  will  deliver  just  as  much  work  when  expanding  from  d 
to  a  as  will  subsequently  be  consumed  in  compressing  it  from 
a  to  d.  Then  the  net  work  necessar>-  per  cycle  will  be  only  that 
requinxl  to  ct^mpress  the  volume  \\  of  cylinder  charge  from 
pressure  Pi  to  Pj  and  discharge  it  at  P^.  Therefore,  in  the  ideal 
case  the  presence  of  clearance  does  not  alter  the  net  work  which 
must  Ih^  done  jx^r  cycle. 

It  should.  howe\-er,  be  noted  that  since  the  compressor  i*-ith 
clearance  will  be  larger  than  that  without,  the  friction  losses 
and  ci>st  of  the  machine  will  be  greater  in  the  real  case. 

342.  Real  Sin^e  Stage  Con^iressor  Diagram,  (a)  The  real 
c\>mprvss<^r  diffcn>  from  the  ideal  in  many  respects,  chiefly  be- 
cause the  cylinder  and  piston  cannot  be  made  of  beat-resisting 
materials,  Ixwiuse  the  val\-es  cannot  be  made  to  operate  per- 
li\  tl\\  and  Ixvause  of  the  inertia  of  the  air  being  bandied. 

A  viiaiiram  obtaine^l  from  a  real  compressor  is  shown  in  Fig. 
400.  su^x^rixxsevi  ujx^n  an  ideal  one  for  the  same  machine,  the 
j>rx^ssin\^  v^f  air  being  suppo^^  to  be  raised  from  atmospheric 
P :'  K>  a  rx\Yi\vr  pressure  equal  to  Pt. 

b^  The  kioal  oarvi  is  dra\k-n  for  isothennal  compressioQ  of  the 
clearance  air  ai>d  charge  and  with  isothermal  tf»xpai>gM^  of  the 
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In  the  real  case  it  is  never  possible  to  obtain 

Bothermal    compression    with    a    reciprocating    air   compressor; 

instead,  the  compression  line  (alls  between  the  adiabatic  and  the 

isothermal  and  is  expressible  by  the  equation  PV^  =  constant, 

irith  values  of  n  varying  from  about  1.2  in  extremely  favorable 

about   1.3  under  rather  unfavorable   conditions,     To 

l>btain  such  a  curve  it  is  necessary  to  cool  the  air  during  com- 

(►ression.  by  the  methods  which  will  be 

»nsidered  later.     For  present  purposes  '': 

is  merely  necessary  to  note  that  the 

r.   and   therefore   the   cylinder  walls. 

ill  become  heated  during  compression. 

(c)  During  expansion  of  the  clearance 
r,  this  material  will,  in  general,  be  in 
mtacl  with  walls  which  are  at  a  higher 

emperature,  hence  it  will  receive  heat  during  the  process, 
Jrdtnarily  the  real  expansion  line  for  this  air  lies  bcrween 
1  adiabatic  and  an  isothermal,  but  in  the  average  case  it 
jproaches  more  nearly  to  the  latter.  The  real  expansion  line 
lay  then  be  assumed  to  have  a  shape  and  position  similar  to 
1'  in  the  ligure. 

(d)  In  the  ideal  case  the  admission  valve  would  open  as  soon 
1  the  clearance  pressure  has  decreased  to  almospheric.  but 
;tually  the  pressure  must  drop  somewhat  lower  to  give  an 
ibalanced  pressure  great  enough  to  open  the  valve  against  its 
iring,  its  friction  and  inertia,  and  also  to  overcome  ihc  inertia 
'  the  air  and  the  resistance  to  flow  through  the  more  or  less 
stricted  areas  available. 

After  the  valve  is  open  and  the  air  is  in  motion  there  are  gen- 

lly  several  oscillations  of  the  valve  and  the  air  column,  as 

idicated  by  the  wavy  suction  line,  after  which  the  pressure  set- 

les  down  to  an  average  value  sufficiently  below  the  atmos- 

heric  pressure  to  cause  tlie  inflow.     The  oscillation  of  the  valve 

known  as  "fluttering." 

(e)  From  the  fact  that  the  same  machine  has  been  assumed 
both  cases  it  is  evident  that  the  actual  volume  of  air  in  the 

ylinder  at  the  end  of  the  suction  stroke  must  be  the  same  in 
iach  case.  In  the  real  case,  however,  the  air  has  a  lower  pre»- 
dre  than  it  has  in  the  ideal,  and,  in  general,  its  temperature  wiD 

bo  have  been  raised  by  the  heated  walls  which  are  i 
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by  the  piston,  thus  the  actual  weight  present  will  be  less  than 
the  ideal.  This  effect  will  be  considered  more  in  detail  in  a 
later  section. 

(f)  Starting  at  the  point  6',  instead  of  6,  the  air  in  the  real 
case  will  be  compressed  according  to  some  law  intermediate  be- 
tween the  adiabatic  and  isothermal  and  therefore  steeper  than 
the  ideal,  as  shown  by  b'c'  in  the  figure. 

(g)  The  discharge  valve  does  not  open  until  the  pressure 
attained  is  slightly  above  that  in  the  receiver  and  it  behaves 
much  like  the  suction  valve  and  for  similar  reasons.  The  dis- 
charge line  actually  obtained  will  then  generally  look  something 
like  c'd^  instead  of  cd, 

(h)  The  discharge  valve  will  obviously  not  close  suddenly  at 
the  end  of  the  stroke,  consequently  the  corner  at  d'  may  be  more 
or  less  rounded,  the  exact  point  at  which  expansion  of  the  clear- 
ance air  starts  being  rather  difficult  to  determine. 

(i)  The  net  result  of  the  operation  of  the  real  compressor  has 
been  to  compress  a  smaller  weight  of  air  than  that  handled  by  the 
ideal  machine  and  to  require  the  expenditure  of  work  in  excess 
of  the  ideal,  as  shown  by  the  greater  area  enclosed. 

343.  Volumetric  Efficiency,  (a)  The  volumetric  efficiency  of 
the  ideal  compressor  was  shown  to  be  Fe,/F„  the  symbols  refer- 
ring to  Fig,  4*65.  In  a  real  case  the  determination  of  the  volu- 
metric efficiency  is  not  as  simple  as  this  and  it  is  often  very 
difficult,  if  not  impossible,  to  obtain  its  true  value.  As  a  result 
several  incorrect  volumetric  efficiencies  easily  obtainable  from 
a  card  are  often  used  in  practice. 

True  Volumetric  Efficiency. 

(b)  An  ideal  compressor  should  receive  a  charge  equal  to  its 
total  piston  displacement  and  this  charge  should  have  atmos- 
pheric temperature  and  pressure.     The  weight  of  this  charge 

would  then  be 

V 
W  =  —* 

Va 

in  which     V,  =  piston  displacement  in  cubic  feet,  and 

Va  =  volume   occupied  by  one  pound  of  air  under 
atmospheric  conditions. 
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U,  in  any  case,  the  weight  of  air  actually  received  per  suction 
stroke  is  W",  the  true  volumetric  efficiency  is 


VEJ,  =  W/W (533) 

V  w 

=  —r? — (533a) 


(c)  To  evaluate  this  efficiency  it  is  necessary  to  determine  W 
and  this  is  generally  very  difficult  to  accomplish  in  any  real 
case.  It  can  be  done  by  measuring  the  air  actually  received  or 
discharged  in  a  given  time  and  then  dividing  this  by  the  number 
of  suction  strokes  occurring  during  that  time  period;  but  the 

iccurate  measurement  of  large  quantities  of  air  is  generally 
lifficult  and  therefore  the  true  volumetric  efficiency  is  seldom 
letermined. 

Atmospheric  Volumetric  Efficiency. 

(d)  In  Fig.  467  is  given  in  ex;iggerated  form  a  real  compressor 
igram  with  ihe  atmospheric  line  added.     If  there  is  no  change 

of  temperature  of  the  working  substance  during  charging  and 

the  expansion  of  the  clearance  air 
iSnd  the  compression  of  the  mixture 
^th  follow  the  same  law.  the  di&tance 
«/  must  measure  the  volume  occupied  | 
By  the  clearance  air,  and  jg  is  that^^fLJj 
Kxupied  by  the  chai^  when  compres- 
aon  has  progressed  up  to  the  point  g,  yoimuo 

If  it  be  further  assumed   that   the  '^'  *  ^* 

"Op  of  temi)crature  from  /  to  a'  and  the  rise  from  b'  to  g  are 
eligible,  it  may  be  said  that  the  distance  /g  is  a  measure  of  the 
n>lume  occupied  by  the  charge  when  at  atmospheric  pressure 
ind  temperature.  Then  the  volumetric  efficiency,  on  an  atmos- 
iieric  line  basis,  would  be 

distance /g 


VEJ, 


V. 


(534) 


(e)  This  formula  will  probably  give  an 
i,  because  none  of  ihe  assumptions  11 
!  strictly  correct.  However,  ihe  error  1 
magnitude,  hence,  because  of  the  simi 
•  formula  is  commonly  used  in  \-' 
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lipensive  than  short  stroke  mechanisms,  consequently  a  com- 
Rercial  limit  is  set  to  cylinder  proportions  adopted. 

(d)  In  practice  a  few  types  of  compressors  are  cooled  by  radia- 
ion  to  the  atmosphere,  as,  for  instance,  those  used  on  locomotives 
or  operating  the  air  brakes.     They  are  all  comparatively  small, 

;  generally  operated  in  strong  currents  o(  air  and  are  at  best 

Bther  inefiirienl.     li  is  doubtful  if  the  compression  is  appre- 

Lably  Ixrtter  than  adiabatic,  the  radiation  serving  simply  to 

arevent  overheating  of  the  entire  mechanism  by  storage  of  heat 

1  cycle  to  cycle. 

(e)  Most  commercial  machines  are  water  cooled.  There  are 
hree  distinct  methods  of  applying  cooling  water,  two  or  more 
f  which  may  be,  and  generally  are,  used  on  the  same  machine, 
"hey  are;  — (i)   Injecting  water  into  the  cylinders;   (2)  water 

iackettng  the  cylinders;  and  (5}  compressing  in  stages  and 
Using  water  jacketed  vessels,  called  "  intercoolers,"  between 
cylinders. 

Water  Injection. 

(f)  The  injection  of  water  into  the  compression  cylinder  has 
•en  rather  extensively  used  in  Europe  but  not  in  this  country. 

If  the  water  is  introduced  as  a  solid  stream  but  little  cooling 
i  effected,  the  compression  cur\-e  approximating  the  equation 
pK"-*  to  PV-^  =  constant;  but  with  a  very  fine  spray  the 
cooling  effect  is  much  greater,  and  values  of  the  exponent  n  as 
tow  as  1.26  to  1.28  may  be  obtained. 

(g)  The  introduction  of  water  into  the  cylinder  has  the  fol- 
lowing disadvantages: —  It  generally  increases  the  wear  of  cyl- 
inder and  piston;  the  feeding  devices  are  an  almost  constant 
murce  of  trouble:  and  the  air  leaves  the  cylinder  practically 
isturated  with  water,  some  of  which  precipitates  when  cooled 
in  the  receiver,  but  much  remains  in  the  air  and  later  may  cause 
trouble  by  freezing  when  the  air  is  expanded  in  doing  work. 

Water  Jacketing. 
(h)  Jacketing  the  compressor  cylinders  with  water  docs  not 
inirt>duce  the  difficulties  considered  above,  but  it  is  gcfu:rally 
1  efficient  than   water  spraying  unless  It  I 
i  out.     Values  of  the  exponent  it  abc 
1.28  are  generally  attainable. 
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Multistage  Compression  and  Intercooling. 

(i)  The  raising  of  pressure  from  atmospheric  to  the  desired 
receiver  pressure  need  not  occur  entirely  in  one  cylinder.  The 
compression  may  be  divided  between  as  many  cylinders  as  desired 
without  changing  the  ideal  process  in  any  way.  This  is  shown 
in  Fig.  468  for  the  ideal  case  with  three  cylinders,  i.e.,  compres- 
sion in  three  stages.  It  can  be  seen  from  the  diagram  that  it 
is  immaterial  whether:  — 

(i)  Compression  is  carried  out  in  one  cylinder  receiving  the 
charge  Vh  and  compressing  it  isothermally  and  discharging  at  a 
pressure  P2;  or 

(2)  It  is  carried  out  in  several  cylinders,  the  first  receiving 
a  charge  Vh  at  pressure  Pi,  compressing  isothermally  to  /  and 


tt^'t' 


Volume 
Fig.  468. 


Fig.  469. 


then  discharging  along /e  to  a  second  cylinder  which,  receiving  its 
charge  along  e/,  compresses  to  g,  and  so  on  until  the  last  cylinder 
compresses  to  and  discharges  at  P2. 

(j)  This  method  has  the  practical  advantage  of  making  it 
possible  to  use  what  is  known  as  '' intercooling'' \  for  the  air  dis- 
charged from  one  cylinder  may  be  passed  through  a  very  effi- 
cient cooler  on  its  way  to  the  second,  and  so  on.  The  practical 
advantage  of  this  is  shown  in  Fig.  469,  which  indicates  the  com- 
pression line  which  is  thus  made  possible. 

The  line  he  represents  ideal  or  isothermal  compression,  he' 
shows  an  adiabatic,  and  the  broken  line  hefghe"  the  compression 
line  which  might  be  obtained  with  a  jacketed,  or  spray  cooled, 
multistage  compressor  fitted  with  intercoolers. 

The  compression  in  the  first  cylinder  brings  the  material  to  e 
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with  a  temperature  higher  than  it  had  ai  b.    An  effective  inter- 
cooler  through  which  the  air  passes  on  its  way  to  the  next  cyt* 
inder  can  reduce  its  temperature  to  the  original  value,  so  thai 
compression  in  the  second  cylinder  starts  under  ihe  same  c( 
ditions  as  though  the  process  in  the  first  had  been  isothermal, 

The  work  done  in  excess  of  that  required  in  the  ideal  case 
evidently  measured  by  the  small  areas  chc" ,  hjg  and  fbr.,  while 
without  intercooling  the  loss  would  probably  have  been 
thing  like  that  shown  by  the  area  cbc'". 

(k)  The  fact  that  the  cooling  water  is  often  Iwlow  the  average- 
atmospheric  temperature  suggests  the  possibility  of  cooling  in  the 
intercoolers  to  a  value  lower  than  that  on 
the  isothermal.  This  would  give  a  com- 
pression line  similar  to  that  shown  in  Fig. 
470  by  befghc",  which  is  sometimes  approx- 
imated in  practice  wheri  very  cold  water  is 
available.  Comparing  this  with  the  iso- 
thermal be  shows  that  the  latter  may  under 
these  circumstances  be  very  closely  approx- 
imated. Some  few  machines  have  been 
operated  with  such  effective  intercooling 
that  the  sum  of  the  work  areas  under  the 
real  compression  lines  in  the  several  cylinders  was  less  thaa 
under  the  ideal  isothermal  between  the  initial  and  final  pres- 
sures. 

(1)  Dividing  the  compression  up  into  several  stages  and  inter- 
cooling has  a  markedly  beneficial  eiTect  upon  the  volumetric 
efficiency  of  a  compressor  for  two  reasons: 

First,  since  the  temperature  range  in  the  low-pressure  cylinder 
(ist  stage)  is  reduced,  the  air  is  heated  less  during  the  suction 
stroke,  hence  greater  actual  weight  will  enter  the  cylinder  than, 
would  be  the  case  in  a  single  cylinder  operating  between  the  ex- 
treme pressure  hmits. 

Second,  less  weight  of  air  remains  in  the  clearance  of  the  low- 
pressure  cylinder  because  the  discharge  pressure  from  that  cylin- 
der is  lower  than  with  a  single-stage  compressor,  which  would 
o(  ihe  same  size  and  have  the  same  clearance  volume. 

This  will  l>e  made  clear  by  Fig.  471  in  which  the  idcaltzct^ 
cards  of  a  three-stage  compressor  with  clearance  are  abed,  a'b'('£ 
and  a"b"c"d".     It  will  be  observed  that  ihe  expansion  of  th* 
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dearanoe  air  in  the  low-pressure  c\'linder  theoretically  dcDRSB 
the  chai^  volume  by  the  small  amount  equal  to  F«  —  Vdi  memm 
if  the  cx>mpression  had  all  been  carried  out  in  this  one  cyfinoe: 
the  clearance  air  at  pressure  Ps  ^x>uld  hax'e  expanded  (ran  2 
volume  ]',  to  a  x-olume  Vf,  theoretically  decreasing  the  chaiprK 
the  \-eiy  large  anK>unt  1/  —  ]\.  This  serious  loss  is  one  vvik 
preventing,  if  commercially  feasible. 

(m)  It  is  ob\nous  from  the  diagrams  and  preceding  pan^^aphs 
that  the  larger  the  total  pressure  range,  the  greater  in  everyway 
will  be  the  adx-antages  of  multistage  compression.  It  thus 
happens  in  practice  that  machines  for  compressing  to  25  or  50 
pounds  p)er  square  inch  arc  generally  built  single  stage,  while 


tig.  471 


ng  47^ 


those  intended  to  compress  to  100  or  150  pounds  are  gencralh' 
made  t^'O-stage.  WTiere  exceptional  efficiencx  is  desired,  or 
Adhere  extremely  high  pressures  are  to  be  attained,  three-,  anil 
even  four-,  stage  machines  are  sometimes  used. 

(n)  The  differences  lx?tween  the  actual  cand^  and  tht  ideal 
ones  of  each  cylinder  of  a  multistage  compressor  art  similai  ic 
those  which  have  been  discussed  for  the  single-staxre  compressor 
When  sui>er[K>>»eci  they  look  something  like  Fig.  472.  iii  viutt 
the  atmospheric,  intercooler,  and  receiver  pressmrei-  an  indi- 
cated by  horizontal  dash  lines.  In  each  case  the  air  t^  diawr 
into  a  cylinder  at  a  pressure  below  that  at  which  h  exists  om- 
side  of  the  cyliiulcr  and  is  discharged  at  a  pressure'  hi^er  tiiac 
that  maintained  in  the  vessel  receiving  the  air.  Thif^  resuh-^ic 
an  overlappin^r  <,[  ||,(.  (-anls  in  the  center  of  the  dia^rram .g!«g 
two  loops,  A  and  B,  which  very  evidently  represent  losr^mi. 
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I  (0)  The  better  the  action  of  the  valves  and  the  larger  the 
■Bsages  through  ports,  intercooler,  pipes  and  such,  the  smaller 
^1  the  areas  of  these  loops  become,  the  upper  and  lower  lines 
'  tending  to  become  coincident.  In  very  well-designed  compres- 
sors this  lost  work  is  so  small  as  to  be  almost  if  not  quite  inde- 
terminate. 

345.  Blowing  Eagines.  Blowing  engines,  or  blowers,  are  simi- 
lar to  air  compressors  in  principle,  but  they  are  generally  built  to 
handle  relatively  very  large  quantities  of  air  at  comparatively 
low  pressures,  say  10  to  20  pounds  per  square  inch  above  atmos- 
phere. Comparatively  little  attention  need  be  given  to  cooling 
under  such  conditions  because  the  pressure  is  so  low  that  very 

I  little  work  can  be  saved  by  such  means.  Moreover,  the  com- 
I  pressed  air  is  generally  heated  before  being  used,  so  that  any  cool- 
I  ing  during  compression  would  call  for  an  expenditure  of  heat  to 
liaise  the  temperature  immediately  afterward. 

Because  of  the  large  volumes  of  air  to  be  handled  considerable 
I'dil^culty  is  generally  met  in  designing  efficient  valves,  particu- 
I  larly  if  operated  at  high  speeds.  As  a  result  there  arc  many 
iferent  types  of  both  inlet  and  discharge  valves  in  use,  some 
)erating  automatically  under  the  action  of  springs  and  air 
ressure,  some  mechanically  operated,  and  some  partly  automati- 
ulyand  partly  mechanically  upjerated. 

346.  Turbine  Compressors.  Since  the  successful  commer- 
cialization ol  the  -steam  turbine,  engineers  have  bi-en  trying  to 
develop  satisfactory  "Turbo  Compressors"  or  "Turbo  Blow- 

U«pi."     These  compressors  have  a  number  of  stages  arranged  in 
..  each  impeller  receiving  its  supply  of  air  from  the  preced- 
ing st^e  and  discharging  into  the  one  which  follows,  no  valves 
King  used.     The  stages  are  water  cooled  and  intercoolers  are  em- 
Thesc  machines  are  just  beginning  to  assume  prominence 
for  compre^ifiing  to  pressures  from  10  to  20  pounds  or  more  per 
Ksquare  inch,  but  as  yet  few  have  been  used  in  this  country, 

347.  Compressed-sir  Engines.  («)  Compressed  air  is  used 
Timercially  in  many  different  ways  but  most  widely  in  engines 
r  the  production  of  power,  the  air  serving  as  the  world 

At  first  sight   it   seems  ; 
iducing  power  as  the  air  compressor 
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engine  of  some  sort  whidi  apparently  mig}it  better  be  used 
directly  to  produce  the  power  desired,  rather  than  to  suffer  the 
additional  losses  incurred  during  compresaon  and  utilization 
of  the  compressed  air  in  a  second  engine. 

(b)  Such  reasoning  is  generally  sound  for  conditions  where  the 
desired  power  can  be  con\'eniently  generated  at  the  point  of  utili- 
zation by  any  of  the  prime  mox-ers  pre^-iousiy  considered.  There 
are.  howeN-er,  many  cases  where  this  cannot  be  done.  Where  a 
number  of.  small  engines  are  to  be  operated  at  widely  scattered 
points  and  where  electrical  transmissioo  b  not  suitable,  com- 
pressed air  engines  find  a  field  to  which  the\'  are  admirably  suited. 
Compressed  air  can  be  transmitted  for  great  distances  without 
appreciable  los?.  and.  as  will  be  shown  later,  any  loss  can  be  more 
than  made  good  at  the  point  of  oxisumptioa.  Steam,  on  the  .■ 
other  hand,  cannot  be  efficiently  transmitted  ox^er  great  distance 
because  of  the  resulting  condensation :  and  more  than  this,  steam 
entices  of  small  size  are  xioy*  inefficient  and  the  high  temptf- 
atuie  at  which  they  operate  renders  them  unsuitable  when  han- 
dling is  required.  The  working  substance  of  internal  combustion 
enrines  can  be  transmitted  as  casOy,  if  ooc  more  easily,  than 
cocT-presced  air.  but  the  complicaied  %-aK-e  and  L^doc  media- 
nisTT-s,  the  high  temperanire  and  the  bot  dojexxss  exhaust  gases 
make  th«n  Sess  desirable  than  coenr^cesiseti  air  enctaes  f*Dr  a  num- 

c  Thus  cvZ'cnpnesc^eiLi  air  eGjT-^-es  are  wSoely  '^2sed  in  mimng 
arxi  ^uarTv-Ing  operations  and  :\>r  the  crrv~^  x  small  portable 
tcvis  :r.  <hoos  aix!  such.  In  Paris  there  i?  irsjcaljed  a  central 
cvxr.t^res5*:-r  stat>:<:  which  distribvites  cvxumRSiec  air.  mudi  as 
jTJji  i>  distributee  ir.  this  oxintr> .  arid  air  is  --^sed  ry  oie  coo- 
Ssirrjers  ijc  v<>?ratin«^  sn^ai.  ptants  _'j^r^  as  eacrrtrxtr*'  is  qsbq 
here. 

3uS.   Compressed  Air  Eagixie  Crdes.      a    Ccc^pressec  air  is 

>;-:.< :.~*.e^  ufei  ir.  er.cir.es  Tr:th-*u:  f.\riins3«.Ti.  that  is,  3:x'rTOiiig 
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icb  use  of  compressed  air  U  very  uneconomical  as  no  use  is 
e  of  its  associated  heat  and,  as  a  result,  better  methods  of 

lization  have  been  devised. 

[b)  A  cycle  similar  to  the  Clausius  described  under  vapor 
les  is  generally  considered  to  represent  the  ideal  cycle  for 
As  shown  in  Fig.  463.  it  consists  of  two  constant  pressure 
s,  dc  and  ba,  a  constant  volume  line  ad,  and  an  adiabatic 
ansion  line  cb.  Tlie  theoretical  work  made  available  by  such 
^-cle  can  easily  be  determined  from  the  formulas  previously 
SB. 

C)  In  practice  the  air  generally  enters  an  engine  at  about 
ipheric  temperature  and  during  the  approximately  adiabatic 
ansion  it  becomes  cooled,  in  some  cases  to  such  an  extent  that 
moisture  in  it  freezes  and  leads  to  difficulties.  The  theoreti- 
temperature  decrease  can  never  be  attained  in  any  real  engine 
ause  heat  will  be  supplied  to  the  engine  cylinder  from  the  sur- 

tnding  atmosphere  and  will  tend  to  make  the  expansion  more 
ly  isothermal.  If  the  engine  were  operated  very  slowly  the 
msion  would  very  closely  approach  a  true  isothermal. 

(d)  This  approach    toward   isothermal   expansion   is   advan- 

for  the  following  reasons: 
1}  It  tends  to  prevent  ihe  deposition,  in  the  form  of  ice,  of 
moisture  accompanying  the  air,  thus  tending  to  prevent  the 
iltant  troubles  with  lubrication  and  stoppage  of  valves  and 
;ages. 

(2)  It  increases  the  work  made  available,  as  the  area  under 
isothermal  is  greater  than  that  under  the  steeper  adiabatic 

:n  the  same  two  pressures. 
3)  It  lessens  the  range  of  temperature  within  the  cylinder  so 
X  there  is  less  tendency  to  cool  down  the  entering  air.     Such 
ling  would  result  in  a  decrease  of  volume  and  therefore  an 

in  the  weight  required  per  cycle. 
|e)  It  is  interesting  to  note  that  from  the  theoretical  view- 
it  isothermal  operation  is  not  as  advantageous  as  adiabatic. 
!  object  of  using  expansion  is  to  make  use  of  some  of  the  heat 
>ciaied  with  the  working  substance  as  it  enters  the  engine, 
lie  expansion  is  isothermal  no  work  can  be  done  at  tlie  expense 
such  associated  heat;  on  the  contrary,  heat  equivalent  in 
mtity  to  the  work  done  must  be  supplied  from  an  external 
rce.     With  .an  adiabatic  expansion,  however,  all  work  would 
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be  done  at  the  expense  of  heat  already  associated  with  the  gas 
as  it  enters  the  cylinder. 

The  discrepancy  between  theory  and  practice  is  due  to  the 
fact  that  in  the  assumed  case  heat  supplied  from  the  atmosphere 
during  the  isothermal  expansion  costs  nothing  and  may  there- 
fore be  freely  used  without  decreasing  the  commercial  efficiency 
of  the  process. 

(f)  It  was  shown  that  it  was  uneconomical  to  use  complete 
expansion  in  a  reciprocating  steam  engine.  The  same  thing  is 
true  in  the  case  of  a  reciprocating  compressed  air  engine,  and  as 
a  result  the  toe  of  the  card  is  cut  off  in  practice. 

(g)  Real  engines  are  further  found  to  operate  more  quietly, 
and  therefore  more  satisfactorily,  when  the  exhaust  valve  closes 
before  the  end  of  the  stroke  trapping  some  air  which  is  then 
compressed  into  the  clearance.  Such  operation  causes  a  loss  of 
diagram  area  and  therefore  a  loss  of  work  from  a  given  size  of 
cylinder  running  at  a  given  speed.  It  may,  however,  result  in  a 
saving  in  the  amount  of  air  used  per  horse  power  in  two  ways: 

(i)  When  compression  is  not  used  the  air  admitted  must  first 
be  mixed  with  that  in  the  clearance  until  the  full  admission  pres- 
sure is  attained;  after  that  the  entering  air  becomes  available  for 
driving  out  the  piston,  and 

(2)  Compression  tends  to  raise  the  temperature  of  the  walls, 
cylinder  head  and  piston  and  thus  to  decrease  the  cooling  effect 
upon  the  incoming  air. 

349.  Preheating,  (a)  In  practical  use,  compressed  air  en- 
gines and  the  compressors  supplying  the  working  fluid  are  gen- 
erally widely  separated.  It  has  already  been  shown  that  so  far 
as  the  compressor  is  concerned  the  cooler  the  air  the  better.  A 
cool  supply  means  larger  capacity  for  a  given  machine  and 
efficient  cooling  during  ojjeration  means  a  smaller  amount  of 
work  required.  The  same  thing  is  true  for  the  ''receiver"  or 
storage  tank,  and  for  the  pipe  line  carrying  the  air  to  the  engine, 
for  the  cooler  the  air  the  smaller  can  these  parts  be  for  a  given 
quantity  of  air. 

(b)  Conditions  are,  however,  quite  different  so  far  as  the 
engine  is  concerned.  The  warmer  the  air,  within  reason,  the 
better. 

If  the  compressed  air  could  be  heated  at  constant  pressure 
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before  entering  the  engine,  it  would  expand  according  to  Charles' 
law.  A  given  volume  of  heated  air  admitted  to  the  engine  would 
represent  a  smaller  actual  weight  but  would  be  able  to  deliver 
the  same  amount  of  work  as  a  larger  weight  of  colder  air,  and 
there  would  be  the  added  advantage  that  there  would  be  less 
danger  of  the  moisture  freezing  at  the  end  of  expansion. 

(c)  Such  heating  of  the  air  is  known  as  "  preheating  *'  and 
the  devices  in  which  it  is  effected  are  called  '*preheaters."  It 
is  actually  used  in  places  where  the  transmission  piping  is  of 
g^eat  length  and  also  where  the  engine  units  are  few  and  of  large 
size.  It  is  found  in  practice  that  the  running  exjjense  for  the 
fuel  supplied  for  preheating  is  less  than  the  extra  charges  against 
the  larger  compressor  and  pipe  line  which  would  otherwise  be 
used. 


CHAPTER  XLII. 

RSFRIGSRATION. 

350.  Definition,  (a)  By  refrigeration  is  generally  meant  the 
removal  of  heat  from  a  body,  or  substance,  to  such  an  extent  as 
to  leave  it,  or  maintain  it,  at  a  lower  temperature  than  that  of 
its  surroundings.  This  may  be  done  commercially  in  moderate 
climates  by  the  use  of  ice;  it  may  be  accomplished  in  the  labora- 
tor>*  by  the  use  of  liquefied  gases;  it  may  be  done  in  \-er>'  hot 
climates  by  the  naturally  rapid  evaporation  of  water. 

(b)  In  the  ordinar>'  engineering  application  of  the  term,  how- 
e\'er,  it  is  taken  to  mean  the  removal  of  heat  by  mechanisms, 
or  systems,  which  will  be  described  in  later  sections  and  whidi 
are  grouped  under  the  title  of  Mechanical  Refrigeration. 

351.  Thennodynamics  of  Refrigeration,  (a)  It  was  shown 
in  Sect.  49  (h)  that  by  the  expenditure  of  energ\'  (A£)  a  reversed 
I  ^  I  heat  engine  would  remove  heat  from  a  body 
I              I  at  low  temperature  and  would  discharge  to 

^  t  f^Q»»AQi+AE  smother  body,  at   higher   temperature,  that 
J*-*l  heat  plus  the  heat  equi\-alent  to  the  energ\' 

*A  *  expended  in   the  operation.     That   is,  a  re- 

^*y  »  \-ersed  heat  engine  shown  diagrammatically 

^  as  i^  in  Fig.  473  can  receive  a  stream  of  heat 

~^»pAQt  ^Q^  irom  the  low  temperature  body  Tj,  and 

I  I  discharge  the  larger  stream  AQi,  made  up  of 

■        *     *  AGs  and  AE,  to  the  high  temperature  bodv  Ti. 

^^    ^  ^^  vb"^  This  is  a  process  of  refrigeration  because 

heat  can  be  remo\xd  from  the  low  temperature  body  e\-en  if  its 
temperature  be  far  below  that  of  its  surroundings.  It  thus 
appears  that  the  reversed  heat  engine,  which  has  been  called 
a  heat  pump,  is  what  may  now  be  called  a  refrigerator,  or 
refrigerating  machine. 

c     Imagine  the  Camot  cycle,  shown  in  Figs.  18  and  21  to 
P\'-  and  Tcxv>orviinates,  to  be  carried  through  in  the 
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I  for  purposes  of  refrigeration.     Heat  will  be  absorbed  along 

;  line  dc  ai  temperature  Ts.  and  in  quantity  as  shown  on  the 
'^diagram  by  the  area  dcej.  The  work  expended  in  driving  the 
lachinc  will  be  stiowu  by  the  area  abed  on  the  PV -diagram,  if 
teasuFcd  in  foot-pounds,  or  by  the  similarly  lettered  area  on  the 
'<^-diagram,  if  measured  in  thermal  units.  Heat  will  be  dis- 
Itarged  along  the  line  ba  at  temperature  7*1  and  its  quantity 
■il!  be  the  area  feba  on  the  T-HJiagram,  equal  to  the  sum  of  two 
i  previously  considered. 

(d)  The  expenditure  made  in  order  to  abstract  the  heat  \Qt, 
liown  in  Fig.  21  by  area  dcef,  is  obviously  the  ener^  A£  used 
I  driving  the  machine  as  shown  by  the  area  abed.     If  the  heat 

moved,  A(>i,  be  taken  as  the  result  obtained,  the  efficiency  of 

c  process  is 

EJ  = 


Result 


Expenditure 


(e)  U  is  obvious  from  the  T^iagram  of  Fig.  21  that  for  the 
sc  for  which  this  figure  was  drawn  \Qi  is  considerably  greater 
an  \E.  hence  the  ratio  which  has  just  been  given  as  the  effi- 
;ncy  will  be  greater  than  unity.  This  is  a  very  common 
roperty  of  refrigerating  processes.  Since  engineers  are  not  ac- 
nistomed  to  speak  or  think  of  efficiencies  greater  than  unity  it 
is  common  practice  to  call  this  ratio  the  Coeffitifnt  of  Performance 
(C.O-P-).  Of  the  Figure  of  Merit,  rather  than  the  efficiency  of  the 
process.     Then  the 

Aft 

A£      ■     •     • 


C.o.P. 


(537) 


for  refrigeraring  machiner>-  of  this  kind. 

(f)  The  apparently  remarkable  attainment  of  an  efficiency 
greater  than  unity  is  meaningless.  The  work  expended  and 
the  heat  removed  from  the  cold  body  are  really  not  connected 
in  any  such  way  as  are  heat  supplied  and  work  done  in  the  case 
of  nn  engine.  This  can  best  be  seen  from  the  T^diagram  of 
Fig.  21.  Assume  the  line  dc  to  be  moved  upward  while  the 
line  ab  maintains  its  position.  Then  the  hwt  removed  (AQ,) 
obviously  increase  wiiile  the  area  of  the  cycle,  representing 
will  decrease,  that  is,  it  takes  less  work  to  remove  larger 
lounts  of  heat. 

That  this  should  be  so  can  easil>'  be  seen  by  carr>'ing  the 


736  HEAT-POWER  ENGINEERING 

assumptions  to  the  limit.  If  dc  rises  above  ab  the  previously 
cold  body  has  attained  a  temperature  greater  than  the  previ- 
ously hotter  one  and  work  can  actually  be  obtained  by  allowing 
heat  to  flow  from  it  to  the  latter.  Obviously  the  coincidence  of 
the  lines  dc  and  ab  would  indicate  that  the  two  bodies  are  at 
the  same  temjjerature,  that  no  work  is  attainable  by  heat  flow, 
and  that  no  work  is  necessary  to  cause  heat  flow. 

Requirements  for  Maximum  Coefficient  of  Performance. 

(h)  Inspection  of  the  T0-diagram  will  show  that  anything 
which  brings  the  two  lines  ab  and  dc,  that  is,  the  temi>eratures 
Ti  and  T2,  closer  together  will  increase  the  value  of  the  coeffi- 
cient of  performance.  This  can  be  done  by  dropping  Ti  or  by 
raising  T2.  Dropping  Ti  will  decrease  AE  but  will  not  change 
AQi.  Raising  T2  will  decrease  A£  and  increase  AQ2  by  the 
same  amount.  It  is  therefore  evident  that  raising  the  lower 
temjjerature  is  more  effective  for  attaining  a  high  coefficient 
than  lowering  the  upper  temperature;  but  this  results  in  a 
higher  temperature  in  the  cold  body  and  hence  may  not  be 
desirable. 

Obviously  with  given  upjjer  temjjerature  Tu  the  lower  the  tem- 
perature {T2)  of  the  cold  body  is  maintained  the  smaller  will  be 
the  Co. P.;  and,  with  given  lower  temperature  (r2),  the  lower 
the  temperature  of  the  hot  body  receiving  the  heat,  the  larger 
will  be  the  value  of. the  C.o.P. 

Theoretical  Values  of  Coefficient  of  Performance. 

(i)  For  purposes  of  comparison  with  real  refrigerating  ma- 
chinery the  ideal  reversible  refrigerator  already  described  is 
very  useful  although  its  theoretical  jjerformance  can  never  be 
even  closely  approximated  by  a  real  machine.  The  case  is 
very  similar  to  that  of  engines  where  the  perfect  Carnot 
engine  is  used  as  a  measure  of  perfection  although  practically 
unattainable. 

(j)  In  order  that  numerical  comparisons  may  be  made  later, 
several  values  of  the  coefficient  of  performance  will  now  be 
obtained  for  a  Carnot  cycle  refrigerator.  The  formula  pre- 
viously given  can  be  put  in  more  convenient  form  for  this  pur- 
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pose  in  the  following  way.     It  was  shown  on  page  82  that  for  a 
Carnot  engine  the  net  work  is 

^E  =~  RTi\og.r  -  RTi\og.T 
=  (ri-r,)J?log,r, 
and  that  AQi  =  RTt  log,  r. 

Then,  for  this  case, 

^^Qt_      RTt\og.r     _     r, 

A£       {Ti  -  Tj) R\os.r      Fi  -  j 


C.o.P.  ■■ 


■      (538) 


Values  of  the  C.o.P.  can  be  easily  obtained  by  substitution  of 
assumed  temperatures  in  the  last  term. 

A  very  common  case  would  be  a  machine  which  theoretically 
withdrew  heat  from  a  cold  body  at  18°  F.  and  dischai^ed  it  to 


/ 

/ 

^y 

. 

^ 

K^ 

fc 

1                 .: 

_100^F: 

a  hot  body  (cooling  water)  at  a  temperature  of,  say,  50°  F.     The 

coefficient  of  performance  in  this  case  would  be 

AQt  _       r,  18+460 

A£      T^-Ti      (50  +  460)  -  (18  +  460)       ^S-approx. 

(k)  The  results  obtained  by  varying  the  two  temperatures 
are  shown  by  the  curves  in  Fig.  474,  in  which  each  curve  is 
drawn  for  a  certain  upper  temperature  Fi  and  shows  by  its 
rise  toward  the  right  the  increase  in  the  value  of  the  coefficient 
of  performance  with  rise  of  the  temperature  Fj. 
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352.  The  Air  Refrigerating  Machine,  (a)  Any  gas,  not  lique- 
fiable  at  ordinary  temperatures,  may  be  used  as  the  working 
substance,  or  refrigerant,  in  commercial  refrigerating  machines, 
but  air  is  the  gas  most  commonly  used.  This  material  has  the 
advantages  of  being  readily  procurable,  non-poisonous  and  can 
be  brought  into  actual  contact  with  food  stuffs  and  such,  which 
are  to  be  cooled  or  kept  cool  without  detriment  to  the  latter. 

(b)  In  the  ideal  machine  the  same  charge  of  air  would  be  used 
continuously  and  the  entire  operation  would  be  carried  out  in 
a  single  cylinder.     In  practice  it  is  found  more  convenient  to 

use  separate  organs  to  perform 
different  functions  during  the 
cycle  and  it  is  generally  found 
best  to  discharge  the  air  used 
in  each  cycle  and  to  draw  in  a 
fresh  supply  for  the  next.  It 
will  be  noted  that  this  parallels 
the  conditions  met  with  in  most 
real  engines. 

(c)  An  idealized  refrigerating 
machine  using  a  unit  weight  of 
air  as  a  working  substance  is 


Air  Cooler     K 


Cold  Wat«r 


Expfuudon 
Cylinder 


Heatped 


Water 


Cotnprenlon 
Cylinder 


Cold  Storage  Room 


Fig.  475- 


shown  diagrammatically  in  Fig.  475,  the  apparatus  consisting  of 
a  compression  cylinder,  an  air  cooler  and  an  expansion  cylinder. 
The  compression  cylinder  (without  clearance)  draws  cold  air 
from  the  cold-storage  room  at  atmospheric  pressure  and  at 
a  constant  temperature  7'2i  according  to 
the  constant  pressure  line  ab  in  Fig.  476. 
The  air  is  then  compressed  adiabatically,  p 
as  shown  by  be,  and  discharged  at  the 
higher  pressure  Pi  with  a  temjjerature  Tu 
higher  than  Tj,  and  specific  volume  dc. 
If  the  delivery  pressure  is  sufficiently 
high,  the  temperature  attained  may  be 
greater  than  that  of  available  cooling 
water  so  that  the  air  may  be  cooled  by 
discharging  it  into  the  cooler  through  which  this  water  is  circu- 
lated. By  assuming  the  volume  of  the  cooler  to  be  very  \argi^ 
the  reduction  of  temjjerature  may  be  assumed,  without  sensible 
error,  to  take  place  at  constant  pressure;  hence,  the  ddivery  1 


Fig.  476. 
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tiie  cooler  is  shown  by  the  line  cd  in  the  figure,  but  when  cooled 
the  volume  of  the  air  is  de  at  this  same  pressure. 

Continued  operation  of  the  compressor  cylinder  would  result 
in  continued  duplication  of  the  cycle  abed, 

(d)  The  expansion  cylinder  running  at  the  same  speed  as  the 
oompressor  can  be  imagined  as  receiving  from  the  cooler  exactly 
the  same  weight  of  air  per  cycle  as  is  delivered  by  the  com- 
pressor. This  air  will  be  admitted  according  to  the  constant- 
pressure  line  dcy  in  Fig.  476,  and  its  adiabatic  expansion  will  be 
according  to  line  e/,  bringing  the  material  back  to  the  initial 
pressure  P2  but  with  a  temperature  lower  than  the  original 
temperature  7^2,  for,  according  to  Charles'  law, 

Tf/T,  =  Tf/T^  =  Vf/V,, 

from  which  r/  =  r2(F//n) (539) 

This  cooled  air  at  temperature  Tf  can  then  be  discharged  to 
the  cold-storage  room  to  balance  heat  leaking  into  it  through 
the  walls  or  brought  in  by  fresh  produce.  It  is  only  necessary 
to  projjerly  regulate  the  quantity  of  air  handled  and  the  tem- 
perature at  which  it  is  returned,  to  maintain  any  desired  tem- 
perature (within  limits)  in  the  cold-storage  room. 

Power  Required. 

(e)  The  work  consumed  by  the  compressor  is  obviously  shown 
by  the  area  abed  and  that  made  available  in  the  expansion 
cylinder  is  similarly  shown  by  the  area  defa.  The  net  work 
required  f)er  cycle  is  then  only  fbce  if  the  expansion  and  com- 
pressor pistons  be  connected  together.  This  work  can  be  ex- 
pressed in  terms  of  temperatures,  pressures  and  volumes  by  the 
equations  given  in  Chap.  VIII. 

Refrigerating  Effect  and  Coefficient  of  Performance. 

(f)  The  net  refrigerating  effect,  that  is,  the  heat  LQ2  removed 
from  the  cold  room  per  cycle,  is  obviously  the  difference  between 
the  heat  in  the  air  as  it  leaves  and  that  in  the  same  air  when  it 

returns.    That  is,     Aija  =  TFCp  (n  -  T/), (540) 

in  which  •  u..    r    •  1 

W  =  weight  of  air  per  cycle, 

Cp  =  sjjecific  heat  of  air  at  constant  pressure, 

Tb  =  temperature  of  air  leaving  cold  room,  and 

Tf  =  temperature  of  air  returning  to  cold  room. 
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^    Ir.  A  s£r:i£Lir  vay  die  heat  rejected  to  the  water  must  be 

A^.  =  irc,(r.-r.) (mi) 

Sin-oe  A£  =  SQ-.  —  AQj,  it  foUovs  that 

\E  =  wc,  r.  -  T.)  -  irc,(n  -  r,),    .  (542) 

and  fnxn  these  \'alues 

Aft  irc,(n-r,) 


C.O.P.  = 


sE     wc,  i  r,  -  T,)  -  wc,  (r»  -  r,) 

(543) 


n-Tf 


^T,  -  T.)  -  kT^  -  Tf) 

This  \'alue  may  be  further  simplified  as  follows:    Invertii^ 
both  sides  of  the  equation  gi\'es 

1     _  (r,  -  T.) 

C.o.P.        Tt-T,       *  • 
and  since  from  the  adiabatic  relation 

n     Tf     n  -  T/ 

1     _  r.  -  n    r,  -  T/ 
C.o.P.       n         Tf 

and 

C.o.P.  =  y3j.  =  ^P^  .     ...     (544) 

Comparison  with  the  Reversed  Camot  Cycle. 

h)  A  Camot  cycle  refrigeration  would  work  between  the 
temperatures  T^,  which  is  the  highest  temperature  of  the  cool 
material,  and  T,,  which  is  the  lowest  temperature  of  the  warm 
material.     Its  coefficient  of  performance  would  therefore  be 

n 


C.o.P.  = 


r.  -  T, 


Sin(<-  ^T.  —  Tb)  is  less  than  (Tc  —  Tb)  in  Elq.  (544),  it  follows 
that  (xcn  in  the  ideal  case  the  real  refrigerating  machine  de- 
scribfrl  must  have  a  lower  coefficient  of  performance  than  that 
obtained  with  the  reversed  Camot  cycle. 

The  flifference  is  due  to  the  use  of  two  irreversible,  variable- 
temf)erature,  constant-pressure  processes  which  in  the  real  case 
increase  the  temperature  range.     The  temperature  of  the  air 
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bfischar^ed  to  the  cooler  must  be  so  high  that  the  water  used 
can  remove  heat  from  it,  tinally  bringing  the  air  down  to  a  value 
approaching  that  which  it  had  when  entering  the  compressor 
cylinder. 

Similarly,  the  air  is  cooled  during  expansion  to  a  temperature 
considerably  lower  than  that  of  the  cold  room,  and  when  intro- 
duced into  that  room  it  is  heated  irreversibly  until  it  hnally 
attains  the  temperature  existing  there. 

Practical  Modifications.  , 
(i)  In  a  real  machine  operating  on  the  cycle  just  discussed, 
there  will  be  clearance  and  valve  losses  in  both  cylinders,  fric- 
tion throughout  the  mechanism,  and  heat  losses  to  and  from  the 
working  substance  as  it  passes  through  the  apparatus  i 
temperatures  different  from  those  of  surrounding  bodies.  These 
will  all  increase  the  size  of  machine  and  the  amount  of  work 
necessary  to  produce  a  given  amount  of  refrigeration, 

(i)  In  practice  it  is  customary  to  water  jacket  the  compressor. 
This  makes  the  compression  line  less  sleep,  i.e..  intermediate 
between  the  adiabatic  and  the  isothermal,  and  proportionally 
reduces  the  amount  of  work  required.  It  also  leaves  less  heat 
to  be  removed  in  the  cooler  and  makes  possible  the  use  of  a 
smaller  vessel  for  that  purpose.  It  is  therefore  decidedly  ad- 
™ntageous. 

Actual  Coefficient  of  Performance. 


B' 


I  Both  in  the  ideal  and  actual  cases,  the  coefficient  of  per- 
formance of  air  refrigerating  machines  is  very  poor  in  compari- 
son with  machines  using  vapors  such  as  ammonia.  The  use  of 
air  machines  is  therefore  dictated  by  convenience  rather  than  by 
economy  of  power. 

For  average  cold-storage  conditions,  in   temperate  climates 
for  instance,  the  coefficient  of  performance  of  a  Carnot  cycle 
refrigerator  is  about  9  to  10.     The  coefficient  of  the  ideal 
machine  (Eq.  C544))  is  only  about  1.5102;  and  inlhereal  machine 
it  is  generally,  if  not  always,  below  0.75,  as  determined  by  test. 

353.  Vapor  Compression  Process  of  Refrigeration,     (a)  It 
k  shown  in  the  previous  section  that  the  air  machine  there 
i  considerably  handicapped  by  the  cycle  on  which 
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it  operated,  its  theoretical  coefficient  of  performance  being 
necessarily  much  lower  than  that  of  the  ideal  Camot  cycle 
refrigerator  because  the  constant  pressure  reception  and  rejec- 
tion of  the  heat  are  not  reversible  processes  with  gases. 

(b)  By  using  a  liquid  and  its  vapor  as  the  working  substance, 
instead  of  a  gas,  a  much  better  performance  can  be  obtained 
because  the  constant-pressure  processes  for  saturated  vapors 
and  their  liquids  are  reversible  isothermal  ones.  It  therefore 
follows  that  with  such  working  substances  the  same  sort  of 
machine  as  that  just  described  would  in  the  ideal  case  operate 
on  a  Camot  cycle  which  would  give  the  best  perfom^nce 
possible. 

(c)  Fig.  477  can  be  used  for  the  purpose  of  developing  this 
cycle  by  assuming  the  discharge  pipe  of  the  expansion  cylinder 

and  the  inlet  pipe  of  the  compressor  con- 
nected by  a  coil,  as  shown  dotted  by  C 
in  Fig.  475,  so  that  the  entire  system  is 
''closed."  This  coil  may  be  regarded  as 
immersed  in  the  material  to  be  cooled. 

Imagine  the  ideal  compression  cylinder 

to  draw  in  a  charge  of  mixed   saturated 

vapor  and  its  liquid,  at  temperature  Tt 

Fig.  477.         ^       from  this  coil,  as  shown  by  the  line  ab 

in  Fig.  477.  The  return  stroke  of  the 
piston  will  result  in  adiabatic  compression  to  the  point  c,  and, 
with  a  properly  chosen  quality  at  &,  the  material  can  be  brought 
to  the  condition  of  dry  saturation  at  c. 

From  c  to  d  the  working  substance  is  driven  into  the  cooler 
which  now  acts  as  a  condenser  reducing  all  of  the  vapor  to  the 
liquid  form  with  volume  de.  The  liquid  may  then  be  admitted 
to  the  expansion  cylinder,  as  shown  by  the  line  de,  expanded 
adiabatically  to  /  and  discharged  along  the  line  fa  into  the 
assumed  coil  C,  where  it  may  be  vaporized  wholly,  or  partly, 
at  temperature  T2J  at  the  expense  of  heat  in  the  material 
surrounding  the  coil.  After  this  it  may  be  readmitted  to  the 
compressor  and  the  cycle  repeated. 

(d)  So  far  as  cycle  is  concerned  the  operations  outlined  have 
resulted  in  the  generation  of  the  reversed  Camot  cycle  fbce. 
So  far  as  heat  is  concerned  they  have  resulted  in  the  removal  of 
heat  IQ2  from  the  cooler  substance  during  vaporization  at  tem- 
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lature  Tt  and  in  the  surrender  of  a  larger  amount  of  heat  A^i 
the  warmer  substance  {condensing  water)  at  the  tempera- 
ire  r,. 

T<|>-DiagTani  of  Vapor  Process, 

(e)  The  T*-changes  of  ammonia  va[3or  and  its  liquid,  in  an 
ideal  case,  are  shown  in  Fig.  478  in  which  points  are  lettered  to 
sorrespond  with    those  of  Fig.  477.     The  liquid   line  and  the 

aturation  line  have  been  added  to  the  diagram. 

From  this  diagram  it  can  be  seen  that 

he  heat  absorbed  from  the  cooler  body  , 

■-  (lb  —  Xf)  and  that  discharged  to  the  j* 

warmer  body  is  n.     The  work  required  in    1 

B.t.u.  per  pound  of  substance  is  therefore  | 

AE  =  n-  r,  {xb  -  %).  .    (545) 

Fig,  478, 
The   mixture   of   hquid  and  vapor  is 

oled  during  the  expansion  ef  by  the  giving  up  of  heat  to  cause 
trtial  vaporization  as  indicated. 

Practical  Modifications  of  Vapor  Compression  Process. 

(f)  In  any  real  case  the  expansion  cylinder  would  be  very 
toall  in  comparison  with  the  compression  cylinder,  and  the 
fork  done  by  it  would  be  practically  negligible.  It  has  come 
D  be  regarded  as  more  of  an  incumbrance  than  a  benefit  and  is 
ommonly  omitted  in  real  machines.  In  its  place  is  substl- 
Uted  an  "  expansion  valve,"  as  X  m  Fig.  479.     This  is  merely  a 

irottle  valve  through  which  the  working  substance  can  flow 
Dtn  the  high  pressure  of  the  condenser  to  the  low  pressure  of 
ecotl. 

(g)  This  flow  is  an  adiabiatic  process  but  is  not  reversible  and 
ence  is  not  isentropic.  It  is  not  represented  by  the  line  cf  of 
■ig.  478,  but  by  some  line  starting  at  e  and  terminating  on  the 
lie  fb  at  some  point  /'  to  the  right  of  /.  The  entropy  increases 
nd  the  possible  refrigeration  effect  decreases  because  ihc  energy 
rhich  would  have  been  given  up  as  external  work  during  isen- 
[opic  expansion  here  remains  associated  with  the  substance  giv- 

t  the  higher  quality  x/.  instead  of  x/.    The  heal  which  can 
s  absorbed  from  the  body  to  be  cooled  is  then  only  r^i 
istead  of  fj  {xb  —  x/). 
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In  real  cases  the  difference  is  so  small  that  it  is  negligible  in 
comparison  with  the  increase  in  mechanical  efficiency  and  ease 
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Fig.  479- 

of  operation,  and  with  the  decrease  in  first  cost  and  operating 
exp)ense. 

Actual  Coefficient  of  Performance. 

(h)  The  great  majority  of  vapor  compression  machines  oper- 
ate with  ammonia  vapor  for  their  working  substance.  Such 
machines  give  a  coefficient  of  performance  of  from  5  to  7  under 
conditions  which  give  a  coefficient  of  9  to  10  for  the  ideal  Camot 
cycle.  In  comparison  with  the  values  given  for  air  machines 
these  performances  are  very  much  higher  and  it  is  doubtful  if 
the  ammonia  machines  can  be  greatly  improved. 

354.  Relative  Advantages  of  Different  Vapors,  (a)  While 
most  vapor  refrigerating  machines  use  ammonia  this  material 
is  not  the  only  one  available.  For  plants  used  aboard  ship 
carbon  dioxide  is  often  preferred  and  many  stationary  machines 
have  been  operated  with  this  substance  and  with  sulphur  di- 
oxide.    Other  materials,  including  water,  have  been  used. 

(b)  The  choice  of  ammonia  as  the  common  working  substance 
is  decided  largely  by  practical  considerations,  though  it  so  hap- 
pens that  certain  thermodynamic  properties  would  lead  to  the 
same  choice.  The  most  important  considerations  are  probably 
those  of  volume  and  pressure. 
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'he  actual  volume  of  working  substance  required  to  cause 
given  amount  of  refrigeration  determines  the  size  of  machine 
required.  The  larger  the  machine,  the  greater  the  friction 
if  other  things  are  equal.  Since  all  friction  must  even- 
lally  result  in  the  generation  of  heat  the  refrigerating  effect 
ill  be  diminished  thereby.  Bulk  is  therefore  undesirable  be- 
luse  of  cost  uf  machines,  cost  of  power  to  operate  and  loss  of 
;frigerating  effect  by  friction. 

The  pressure  is  important  in  two  ways.  Some  available 
ibstances  have  vapor  pressures  below  atmospheric  when  at  the 
!mperatures  common  in  refrigeration.  Their  use  would  mean 
le  maintenance  of  a  vacuum  within  the  refrigerating  machine 
hich  is  by  no  means  a  simple  matter  because  of  difficulty  with 
ir  leakage.  Other  substances  have  vapor  pressures  so  high 
lat  they  can  be  used  only  with  great  difliculty. 

(d)  Ammonia  is  quite  satisfactory  both  as  regards  bulk  and 
ircssure.     More  than  tftHce  the  bulk  of  sulphur  dioxide  is  re- 
ed for  the  same  refrigerating  effect,  and  between  300  and 

times  the  bulk  of  water  vapor.     Carbon  dioxide  requires 
mly  about  one-quarter  the  bulk  of  ammonia  vapwr  but,  as  will 

■  seen,  is  handicapped  by  enormously  high  pressures. 

The  pressure  of  water  vapor  is  entirely  below  atmospheric 
,t  refrigerating  temperatures,  while  that  of  sulphur  dioxide  is 

;low  for  the  lowest  temperatures  and  only  slightly  above  for 

le  highest  temperatures. 

The  pressure  of  ammonia  vapor  varies  from  about  20  or  25 

)unds  to  something  below  200  pounds,  while  that  of  carbon 
lioxide  varies  from  about  300  to  looo  pounds  per  square  inch. 
It  is  obvious  that  the  best  commercial  balance  is  struck  when 

nmonia  is  adopted,  excepting  in  cases  where  an  ammonia  leak 

;ight  catise  very  serious  difficulties. 

(e)  Inthecaseof  real  machines  there  is  also  another  point  which 
lust  be  considered  and  which  is  more  of  a  thermodynamic  nature. 
Vhere  an  expansion  valve  is  substituted  for  the  expansion  cylin- 
ler,  the  working  substance  brings  into  the  refrigerating  coil  heat 
rhich  in  the  ideal  case  would  have  been  converted  into  work  and 
ised  in  driving  the  madiine.  Obviously  any  heat  bruugli!  into 
the  coil  by  the  working  substance  itself  means  just  so  much  less 

,eat  to  be  abstracted  from  the  surrounding?  to  crau^c  evi 
Ition,  hence  there  will  be  an  equal  reductii'n 
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That  material  which  brings  in  relatively  the  smallest  amount 
of  heat  in  this  way  will  be  the  most  desirable  if  other  things 
are  equal. 

The  amount  of  heat  under  consideration  is  that  in  the  liquid 
at  the  end  of  the  liquefaction  process,  that  is,  it  is  tlje  quantity 
when  the  working  substance  is  at  the  higher  temperature  T\ 
which  is  above  that  in  the  same  liquid  at  the  lower  temperature 
T2.  It  is  therefore  equal  to  C  {Ti  —  T^  in  which  C  is  the  specific 
heat  of  the  liquid.  The  larger  this  value  in  proportion  to  the 
latent  heat  of  vaporization  at  the  temperature  Tty  the  poorer  the 
material  for  use  in  a  vapor  compression  machine  having  an  ex- 
pansion valve. 

From  this  point  of  view,  water  is  the  best  of  the  materials 
cited  as  possibilities  and  ammonia  comes  next,  carbon  dioxide 
being  the  worst  of  all;  thus,  ammonia  forms  a  good  commercial 
compromise. 

355.  The  Ammonia  Absorption  Process,  (a)  The  vapor 
compression  machine  operates  (i.e.,  refrigerates)  because  the 
process  of  vaporization  requires  a  supply  of  heat  from  external 
sources  and  the  process  of  liquefaction  yields  heat  to  external 
media.  Any  device  or  machine  which  can  bring  about  such  alter- 
nate liquefaction  and  vaporization  can  be  used  as  a  refrigerating 
machine. 

(b)  The  so-called  absorption  refrigerating  machine  carries 
through  these  two  processes  in  a  manner  analogous  to  that  of  the 
compression  machine  but  by  entirely  different  means.  It  is  illus- 
trated diagrammatically  in  Fig.  480  and  operates  in  the  following 
way: 

(c)  The  generator  contains  a  strong  solution  of  ammonia  in 
water,  and  the  ammonia  is  driven  off  from  this  solution  at  high 
temperature  and  pressure,  by  the  heat  supplied  by  the  steam 
coils  shown  at  S.  The  vapor,  under  this  pressure,  enters  the 
condenser  K  in  which  it  is  liquefied,  as  in  the  previous  case.  It 
then  passes  through  the  expansion  valve  X  and  evaporates  in 
the  refrigerating  coils  C  as  before. 

Leaving  the  refrigerating  coils  as  vapor,  it  enters  the  absorber 
A  at  low  pressure  and  low  temperature  and  is  absorbed  by  water 
to  form  a  strong  solution  which,  by  a  pump  P,  is  delivered  to 
the  generator  to  displace  that  which  has  given  up  ammonia 
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;  ac^n  of  heat,  and  which  is  then  returned  ta] 
the  absorber. 

(dj  The  absorber,  pump  and  generator  together  correspond! 
to  the  compressor  of  the  previous  type.     The  action  in  the  ab-l 
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Fig.  480. 

sorber  corresponds  to  the  charging  operation  of  the  compressor; 
the  action  of  pump  and  generator  corresponds  lo  the  compression 
and  dischai^e. 

Coefficient  of  Performance  of  Absorption  Machines. 

(e)  No  mechanical  power,  except  the  small  amount  for  pump   ] 
P,  is  supplied  such  a  machine,  the  absorption  of  heat  at  a  low 
temperature  following  from  the  supply  of  heat  at  a  high  tem- 
perature.    The  coefficient   of  performance  cannot    therefore  be 
obtained  as  in  previous  cases.     If.  however,  it  is  considered  as  J 
the  quotient  found  by  dividing  the  heat  absorbed  by  heat  sup- 
plied to  cause  that  absorption,  a  ratio  is  obtained  which  may  ] 
be  used  in   the  same  way  as  the  coefficient  of  performance. 
Comparing  such  ratios  with  those  for  ideal  refrigeration  oper- 
ating on  a  reversed  Camot  cycle  it  is  found  that  the  absorption  I 
machine  has  a  coefficient  of  performance  of  about  one-eighth  loJ 
one-tenth  that  of  the  ideal. 

(f)  It  was  shown  ui  Sect.  353  (h)  that  for  the  compressioaJ 
process  the  coefficient  is  about  seven-tenihs  of  the  ideal  and  itT 
would  seem  from  this  that  the  absorption  machine  should  { 
a  very  poor  commercial  result.     It  should,  however,  be  obseri 
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that  the  coefficient  for  the  compression  machine  was  based  upon 
the  energy  supplied  the  compressor  and  not  upon  the  heat 
^supplied  the  plant  which  generated  that  energy. 

To  make  the  two  results  comparable  the  value  of  0.7  for  the 
compression  machine  must  be  multiplied  by  the  thermal  effi- 
ciency of  the  plant  on  the  basis  of  developed  horse  power. 
When  this  is  done  the  two  types  are  more  nearly  on  an  equal 
footing,  with  the  absorption  machine  giving  the  better  perform- 
ance for  wide  temperature  ranges,  excepting  when  a  very  efficient 
plant  is  used  to  drive  the  compression  machine. 

356.  Rating  of  Refrigerating  Machines,  (a)  Refrigerating 
machines  are  generally  used  in  practice  for  the  purpose  of  main- 
taining a  cold  atmosphere  in  *' cold-storage  rooms"  or  for  the 
making  of  ice.  The  ammonia  machines  generally  achieve  both 
results  indirectly  by  cooling  brine  and  pumping  the  brine  to  the 
point  at  which  heat  is  to  be  absorbed. 

(b)  No  matter  what  use  is  made  of  the  refrigerating  machine 
or  how  it  operates,  it  is  rated  on  ice-melting  capacity  in  pounds, 
or  tons,  per  unit  of  time.  To  melt  one  pound  of  ice  at  32®  F.  to 
water  at  the  same  temperature  requires  approximately  144  B.t.u. 

A  machine  which  could  absorb  from  the  cold  body  a  quantity 
of  heat  equal  to  144  B.t.u.  per  hour  would  have  an  ice-melting 
capacity  of  one  pound  i^er  hour.  The  capacity  is  generally  ex- 
pressed in  tons  per  twenty-four  hours,  thus  this  machine  would 
have  an  ice-melting  capacity  of  (i  X  24)  -^  2000  =  0.012  ton, 
approximately. 

Ice-melting  capacity  has  no  direct  connection  with  ice-making 
capacity.  When  making  ice  the  water  from  which  it  is  made 
must  first  be  cooled  to  freezing  temperature,  the  ice  then  formed, 
and  generally  reduced  to  a  temperature  considerably  below  32°  F. 
As  a  result,  the  ice-making  capacity  of  a  machine  is  generally 
only  about  one-half  of  its  ice-melting  capacity. 


CHAPTER  n. 

I.  Assuming  the  specific  heat  of  water  constant  and  equal  to  unity,  how 
any  B.t.u.  anr  required  to  raiae  the  temperature  of  I  lb.  of  water  from 
r°F.  toaia'F,? 

3,  Under  the  same  assumptions  as  above,  how  many  B.t.u.  must  be  ab- 
stracted to  lower  the  temperature  of  jo  lbs.  of  water  from  3i3°  F.  to  32°  F.? 

3.  If  33.000  ft.-lba.  of  mechanical  energy  are  completely  converted  into 
tieat  eneiKyi  how  many  B.t.u.  result^ 

4.  If  mechanical  energy  is  made  av'ailable  at  the  rate  of  33,000  ft. -lbs.  per 
linute  for  1  hour  it  is  said  that  i  horse-power  hour  has  been  made  available. 

What  is  the  encrgj'  equivalent  of  1  horse-power  hour  in  thermal  units? 

5.  Find  the  weight  of  water  (specific  neat  =  1)  which  will  have  its  tem- 
perature doubled  by  the  addition  of  180  B.t.u.,  the  final  temperature  being 
120°  F. 

6.  Find  the  change  of  temperature  of  12  oz.  of  lead  (specific  heat  =  0.0314) 
when  4  B.t.u,  are  added. 

7.  Assuming  tio  loss  by  r^idiation,  how  much  electrical  energy  in  terms  of 
thermal  units  would  be  required  to  raise  the  temperature  of  a  copper  wire 
one  mile  long  and  weighing  0.3  lb.  per  foot  through  a  range  of  10  degrees? 
Tlic  specific  heat  of  copper  is  0.095. 

A.  If  130  B.t.u.  raise  the  temperature  of  10  lbs.  of  cast  iron  lOO  degrees,  what 
must  b«  inc  specific  heat  of  this  material?  , 

9.  Assume  the  specific  heat  of  wrought  iron  as  0.113,  the  specific  heat  of 
water  as  i.o  and  the  weight  of  water  as  63.5  Iba.  percu.  ft.    Find  the  incre;  " 
in  lempcralurc  of  2  cu.  ft.  of  water  when  a  common  temperature  of  45° 
HiltB  from  putting  into  the  water  a  piece  of  iron  weighing  10  lbs,  andal 
temperature  of  1000°  F. 

10.  A  winch  is  used  in  lowering  a  load  of  two  tons  3  vertical  distance  of 
50  ft.  The  load  Is  lowered  by  means  oF  a  friction  brake  which  prevents  the 
attainment  ui  too  high  a  speed  and  which  brings  the  load  to  rest  just  as  it 
reaches  the  end  of  the  50-11.  drop.  It  takes  one  minute  to  lower  the  load. 
Neglecting  friction  of  bearings  and  similar  losses,  how  much  heat  must  be 
radiated  Oy  the  mechanism  of  the  brake  and  winch?  How  many  horse  power 
muK  \x  absorbed  by  the  brake? 

II.  An  electric  motor  receives  electrical  energy,  converts  part  of  it  into 
facat  within  itself  and  delivers  the  remainder  at  the  pulley  as  available  me- 

,1  energy.     A  certain  motor  delivers,  in  this  way,  so  horse  power  (i  h.p, 
M  ft.-lbs.  per  min.)  and  converts  into  heat  15  per  cent  of  all  the  eneigy 
i  it.     How  much  heat  must  this  motor  disHpate  per  hour?     liow  many 
ii,-ios.  of  energy  must  be  supplied  it  per  minute? 

13.   Assume  yourself  called  upon  to  investigate  the  claims  made  for  a  piece   j 
dI  mechanism  with  the  following  characteristics.     It  receives  no  energy  of  i 
any  kind  excepting  that  given  it  by  a  driving  belt  which  supplies  350,000  ft.-/ 
lbs.  per  minute.     It  is  claimed  that  the  mechanism  gives  out  or  makes  avs" 
able  400  B.t.u.  per  minute.     Would  you  make  the  investigation?     Why? 
13.   What  is  the  largest  1  '^-  .  •  .     ?    _.---= ^ 


Kifng  at  in  problem  13  could  r 
■Could  it  d-  ■"   '-  ■■-  "    '    ■" 


it  do  this  in  practice?    Why? 
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14.  Assume  yourself  called  upon  to  investigate  the  claims  made  for  a  piece 
of  mechanism  with  the  following  characteristics.  It  is  supposed  to  receive 
no  energy  of  any  kind  excepting  300  B.t.u.  per  minute  and  is  supposed  to 
make  available  240,000  ft.-lbs.  of  mechanical  energy  in  the  same  time.  -  Would 
you  make  the  investigation?    Why? 

15.  Assume  that  the  mechanism  in  problem  14  above  is  supposed  to  receive 
only  300  B.t.u.  as  before  and  that  in  the  ideal  case  (neglecting  friction,  radia- 
tion, conduction  and  similar  losses)  it  is  supposed  to  deliver  233,400  ft.-lbs. 
in  the  same  time.     Would  you  make  the  investigation?     Why? 

16.  Assume  that  the  value  of  the  variable  specific  heat  C  of  a  subtance  is 
given  for  temperature  /  by  the  equation 

C  ==  0.5  +  0.02  /. 

Find  the  total  heat  required  to  raise  the  temperature  of  12  lbs.  of  the  material 
from  50°  to  100°  F. 

17.  An  engine  receiving  300  B.t.u.  per  minute  and  no  other  energ>'  of  any 
kind  rejects  to  a  cold  body  an  amount  of  energy  equal  to  150  B.t.u.  per 
minute.  If  there  are  no  friction  or  similar  losses,  what  would  be  the  amount 
of  mechanical  energy  in  ft.-lbs.  made  available  per  minute? 

18.  If  the  engine  operating  as  in  the  first  part  of  prob.  17  above  loses  in 
friction  and  radiation  10  per  cent  of  the  energy  which  would  otherwise  be 
made  available,  what  will  be  the  amount  of  mechanical  energy  in  ft.-lbs. 
made  available  per  minute? 

10.  A  factory  building  is  being  designed.  Calculations  from  the  radiating 
surface  of  the  building,  character  of  that  surface,  location,  direction  of  winds, 
etc.,  indicate  that  about  400,000  B.t.u.  per  hour  must  be  liberated  within  the 
building  to  keep  the  temperature  up  to  65°  F.  The  heating  engineer  desires 
to  keep  the  cost  of  the  heating  equipment  down  to  a  low  figure  and  believes 
that  he  can  do  so  by  allowing  for  heat  generated  by  friction  of  the  moving 
mechanisms  within  the  factory.  He  discovers  that  100  horse  power  (i  h.p. 
=  33,000  ft.-lbs./min.)  are  to  be  continuously  supplied  the  factory  by  means 
of  an  electric  motor  and  that  all  of  this  power  will  be  consumed  within  the 
factory.  The  motor  has  an  efficiency  of  85  per  cent.  What  allowance  can 
the  heating  engineer  make  on  theoretical  grounds? 

20.  In  the  manufacture  of  a  certain  chemical  compound  it  is  necessar>''  to 
stir  and  mix  a  rather  heavy  liquid  in  a  large  vat.  If  the  temperature  of  the 
liquid  rises  above  a  certain  value  it  is  apt  to  cause  a  violent  explosion.  The 
formation  of  the  compound  causes  the  absorption  of  20,000  B.t.u.  per  hour 
and  the  vat  is  so  arranged  that  25,000  B.t.u.  can  be  carried  away  per  hour 
under  all  conditions  by  means  of  a  water  jacket  and  loss  to  the  surrounding 
atmosphere.  How  many  foot-pounds  of  energ>'  could  be  supplied  the  stirring 
apparatus  per  hour  without  causing  a  dangerous  rise  of  temperature? 

CHAPTER  IV. 

1.  An  ideal  gas  occupies  a  volume  of  17  cu.  ft.  at  a  pressure  of  1500  lbs.  per 
s(].  ft.  and  a  temperature  7".  What  will  be  its  volume  at  a  pressure  of  2000 
lbs.  per  sq.  ft.  and  at  the  same  temperature? 

2.  A  gas  has  its  volume  halved  by  an  increase  of  pressure  at  constant  tem- 
perature. The  initial  pressure  was  3000  lbs.  per  sq.  ft.;  what  is  the  final 
pressure? 

3.  A  gas  with  an  initial  pressure  of  4500  lbs.  per  sq.  ft.  is  contained  in  a 
water-jacketed  cylinder,  the  jacket  being  so  connected  with  a  water  system 
that  the  temperature  within  it  is  always  60°  F.  The  cylinder  is  fitted  with  a 
friction  less  piston  which  can  be  moved  in  or  out  as  desired.  The  piston  is 
moved  very  slowly  so  that  the  gas  is  maintained  at  the  same  temperature  as 
the  water  jacket.  At  the  end  of  a  certain  time  the  pressure  of  the  gas  within 
the  cylinder  is  found  to  he  14.7  lbs.  per  sq.  in.  Was  the  piston  moved  in  or 
out?     What  is  the  ratio  of  the  final  volume  to  the  initial? 
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4.  A  faolteoB  is  filW  with  hydrogen  gas  at  atmospheric  pressure  (14.7  lbs. 
per  sq.  in.)  and  at  atmospheric  tempcratUTC.  The  balloon  then  ascends  to  a 
poinl  where  the  atmospheric  pressure  is  only  12.7  lbs.  per  sq.  in.  but  the 
(cin|>^rature  is  the  sanie  as  at  the  lower  level.  If  the  balloon  is  made  of  non- 
cn«nsiblc  material,  what  will  be  the  pressure  of  the  hj-drogen  gas  within  it?  " 
If  the  balloon  b  made  of  perfectly  strcichable  material  (stretching  with  appU^ 
cation  of  only  inhnitesimal  forces),  what  will  be  the  pressure  wilhjn  it''  '~ 
the  tatter  case  what  expansion  of  volume  must  have  occurred? 

5.  The  inner  tube  of  a  certain  tire  has  a  capacity  of  854  cubic  inches 

many  pounds  of  air  will  it  contain  when  tilled  with  air  at  a  pressure  of  70  IbS)! 
per  sq.  in.  and  a  temperature  of  32°  F.?  (One  cubic  foot  of  air  at  14.7  IbSil 
pressure  and  32"  F.  ttfi^hs  0.0807  lbs.)  ^ 

6.  What  will  be  the  increase  of  pressure  of  air  in  (iroblem  5  if  the  tempcra-l 
tun;  rises  to  70°  F.  and  the  tire  does  not  stretch  during  the  process? 

7.  A  clost^l  metal  tank  is  designed  to  be  safe  when  subjected  to  an 

presstjrcof  too  lbs.  per  sq.  in.  It  is  used  to  hold  compressed  air  and  is  fillcdl 
with  this  material  at  a  temperature  of  tio*  F.  and  a  pressure  of  80  lbs.  per  sq.  V 
in.  The  tank  stands  in  the  sun  and  its  contents  may  attain  a  temperature  ofl 
135°  F.  Assuming  that  the  tank  dops  not  expand  with  temiieraturc  andfl 
pressure  changes,  will  the  designed  pressure  be  exceeded?  What  temperature-r 
would  have  to  be  attained  to  ruise  the  pressure  of  the  air  to  the  Icki  lbs.  fon 
which  the  tank  was  designed?  I 

8.  A  submarine  boat  la  closed  at  the  surface,  with  air  content  at  a  tempera-l 
lure  o(  80' F.  and  a  pressure  of  14.5  lbs.  per  sq.  in.  -After  sinking  beneath  A 
the  surface  the  temperature  of  the  air  drops  to  40°  F.  If  ihc  hull  has  ni>t] 
changed  sixe  during  the  temperature  change  what  must  be  the  pressure  of  ihea 
air  under  the  submerged  conditions? 

9.  Afsuming  that  the  men  and  machinery  in  the  boat  of  pmblem 
enough  heat  to  maintain  a  temperature  of  60°  within  the  boat  what  will  theS 
air  pressure  be?  V 

10.  A  quantity  of  gas  occupies  a  volume  of  10  cu,  ft,  at  a  pn?s£ure  of  Sooofl 
lbs.  pet  so.  ft.  and  a  temperature  oT  70°  F.    What  will  its  volume  be  a"  " 
pressure  of  7(x»o  lbs.  per  sq.  ft.  and  a  temperature  of  100°  F.? 

11.  A  quaotity  of  gas  occupies  a  volume  of  15  cu,  ft.  at  a  pressure  of  40 j| 
lbs.  per  sq.  ft.  and  a  temperature  of  60°  F.    What  will  be  its  volume  a 
temperature  of  70'  F.  and  a  pressure  of  30  Iba,  per  sq.  ft.? 

13.  A  quantity  of  gas  occupies  a  volume  of  10  cu.  in.  at  a  pressure  of  7000 
lbs,  per  sq.  It.  and  a  temperature  of  50°  F.  What  will  be  its  volume  at  at- 
Rioaphuic  presmre  (14.7  lbs.  per  si.  in.)  and  a  temperature  of  70°  F.?    ' 

13.  The  value  of  R  for  a  certain  gas  is  55.     One  pound  of  ihia  gas  riccufiies 

a  vojume  of  12.8  cu.  ft.  at  a  pressure  of  14.7  lbs.  per  sq.  in.  What  is  the  tern-  1 
pcroture  of  the  gas?  What  will  l>c  the  volume  of  two  pounds  of  this  gas  if  J 
prcsiure  and  tem|>er3ture  (ordinary  Fahrenheit  scale)  ate  doubled?  ■ 

14.  Three  pounds  of  uir  are  enclosed  tn  a  none^upan Bible  veswl.  The  pre»-  M 
suTcaaolbs.  per  «i.  in.  and  the  temperature  is  80°  F.  The  value  of  fl  is  53.34. 1 
What  is  the  volume  content  of  the  t'essel.'  What  will  be  the  pressure  of  the  I 
air  if  its  leni|ierature  is  increased  to  180"  P.?  I 

13.   One-half  pound  of  nitrogen  gas  is  contained  in  a  cylinder  litted  with  afl 
pialon.     The  temperature  of  the  gaa  is  80*  F.  and  its  pressure  is  40  lbs.  r~^ 
K).  in.     The  piston  mo\'Cs  out  until  the  volume  of  the  gas  lia!.  doubled  a_. 
il  it  then  found  that  its  pressure  is  20  lbs.  per  sq.  in.     What  must  the  tempera 
ture  have  become?     (R  for  nitrogen  —  55.16.) 

16,  A  certain  gas  is  collected  over  mercury  and  measured.     It  is  found  t< 
have  a  volume  of  10  cu.  in,  at  a  pressure  of  14,6  Iba,  per  sq.  in,  and  a  teit 
ptvalUTC  of  60°  F,     The  pis  is  then  passed  through  a  reagent  which  absorbi 
pan  of  it  and  the  remainder  is  collected  over  mercury  and  measured, 
m*a»tit«s  6  eu.  in.  ut  the  same  pressure  as  before  but  the  temperature  h 
cfaanK«d  to  70°  F.  between  the  tH'o  measurements,     What  percentage?  of  tl 
original  volume  was  aljsnrhed  by  ihc  reagent? 

17.  The  producU)  of  combustion  from  a  boiler  reach  the  base  of  the  a) 
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at  a  temperature  of  500"  F.  At  the  top  of  the  stack  their  temperature  is  only 
200^  F.  Neglecting  the  slight  pressure  change  which  would  occur  during  tbe 
ascension,  determine  the  relative  values  of  the  cross-sectional  areas  at  top  and 
bottom  of  the  stack  to  give  equal  gas  velocities  at  the  two  points. 

18.  An  air  compressor  draws  into  its  cylinder  a  charge  of  air  at  a  pressure 
of  13.5  lbs.  per  sq.  in.  and  a  temperature  of  60**  F.  It  compresses  this  air  to  a 
volume  equal  to  one-quarter  of  its  original  value  and  the  pressure  attained  is 
60  lbs.     What  must  be  the  final  temperature  of  the  air.** 

19.  A  diving  bell  is  to  be  used  for  executing  certain  work  under  water.  It  is 
made  in  the  form  of  a  flat-ended  cylinder  open  at  the  bottom.  The  inside  diam- 
eter is  12  ft.  and  the  inside  height  is  14  ft.  The  men  and  tools  accommodated 
within  the  bell  occupy  a  cubical  content  of  120  cu.  ft.  If  the  bell  is  lowered 
into  the  water  when  atmospheric  pressure  is  14.7  lbs.  per  sq.  in.  and  tempera- 
ture is  60°  F.,  how  far  below  the  surface  can  the  bottom  of  the  bell  be  lowered 
if  the  water  has  a  temperature  of  40**  F.,  weighs  62.5  lbs.  per  cu.  ft.,  and  is  not 
to  rise  to  a  height  of  more  than  4  ft.  from  the  bottom  of  the  bell.'*  Assume  that 
men  and  tools  remain  entirely  within  the  air  space,  that  they  do  not  change 
volume  with  pressure  change;  that  the  air  within  the  bell  acquires  the  same 
temjxjrature  as  the  surrounding  water, 

20.  A  quantity  of  heat  equal  to  1000  B.t.u.  (=  A0  is  given  to  an  idc^l 
gas  maintained  at  constant  volume.  What  are  the  numerical  values  of  the 
several  terms  in  the  equation  SQ  =  A5  -}-  A/  +  A£? 

21.  Two  pounds  of  a  gas  with  Cp  =  0.1662  and  Cp  =  0.2317  are  heated  at 
constant  volume  from  a  temperature  of  60°  F.  to  a  temperature  of  80°  P.,  and 
then  at  constant  pressure  to  a  final  temperature  of  100**  F. 

(a)  How  much  heat  is  supplied  to  the  gas.^ 

(b)  What  is  the  value  of  AS  for  each  jxirt  of  the  process? 

(c)  VVliat  is  the  value  of  SE  for  each  part  of  the  process.** 

22.  The  true  specific  heat  of  a  certain  gas  is  0.1733  in  thermal  units.  The 
value  of  R  is  55.16,  what  is  the  value  of  Cp  for  this  gas? 

23.  Three  pounds  of  an  ideal  gas  are  heated  until  200  B.t.u.  per  lb.  have 
been  supplied  it.  During  the  process  the  gas  expands  and  133,038  ft. -lbs  of 
work  arc  done  by  it.     Find  the  value  of  A5. 

24.  A  balloon  is  filled  with  hydrogen  gas  at  a  pressure  of  14.7  lbs.  per  sq.  in 
and  a  temperature  of  60°  F.  The  balloon  is  spherical  in  shape  and  has  an 
internal  diameter  of  25  ft.  At  a  later  time  it  is  found  that  the  pressure  of  the 
gas  within  the  balloon  is  only  0.95  of  the  original  value  but  that  the  tempera- 
ture is  the  same  as  before.  What  fraction  of  the  original  weight  of  gas  must 
have  escaped  if  the  dimensions  of  the  balloon  have  not  changed?  How  much 
heat  would  have  had  to  be  removed  to  cause  the  pressure  to  fall  to  the  same 
extent  if  no  leakage  occurred?  (i  lb.  of  hydrogen  at  32°  F.  and  14.7  lbs./sq.  in. 
occupie<l  a  volume  of  178  cu.  ft.  R  =  766.5;  Cp  ==  3.41.)  What  would  be 
the  final  temperature? 

25.  Ten  jx)unds  of  air  (specific  volume  at  32®  and  14,7  lbs.  ==  12.387  cu.  ft.) 
are  contained  in  a  receiver  at  a  temperature  of  55°  F.  and  a  pressure  of  100 
lbs.  f)er  sq.  in.  Air  leaks  out  until  at  a  later  time  the  pressure  in  the  receiver 
is  found  to  be  only  40  lbs.  per  sq.  in.  with  a  temperature  of  50°  F.  W'hat 
weight  has  Icaki'^i  out? 

26.  An  air  n.'coi\xT  has  a  factor  of  safety  of  5  when  filled  with  air  at  a  pres- 
sure of  200  Ihs.  jDer  sfj.  in.  and  a  temperaturt  of  100°  F.  What  amount  of 
heat  would  have  to  l)c  supplied  the  air  to  reduce  the  factor  of  safety  to  2.5  on 
the  assumption  that  the  cubical  content  of  the  receiver  remains  constant  with 
changing  temperatures.    (Cp  —  0.2374;  7  ==  1.4037.)    Assume  vol.  =  20  cu.  ft. 

27.  The  \alue  of  R  for  a  certain  gas  is  34.9.  How  much  external  work 
will  be  (J(jne  by  five  fwunds  of  this  gas  if  its  temperature  is  raised  from  50"  F. 
to  150°  V.  at  constant  pressure? 

28.  The  value  of  Cp  ior  a  certain  gas  is  0.23  and  the  value  of  7  is  1.39. 
What  \-olumc  must  this  gas  (x:cupy  when  at  a  temperature  of  60**  F.  and  sub- 
jected i(j  a  pressure  of  150  lbs.  per  sq.  in.?     Assume  5  lbs.  of  ^as. 

29.  .\  certain  gas  with  molecular  weight  equal  to  28  occupies  a  volume  of 
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bj  en.  ft.  per  lb.    What  volume  will  another  gas  with  molecular  wnght  or 

■3  theoretically  occupy  when  at  the  same  temperature  and  pressure? 

30.   A  certain  j^s  with  molecular  weight  of  44  weighs  0.1334  ">*■  per  cu.  tt. 

Eftt  itAndard  conditions.     Another  gas  has  a  molecular  weight  of  26.     What 

iheuretical   density   under   the   same  conditions  of   tempcralurc  and 

ire? 

A  water  pump  running  at  50  strokes  per  minute  delivers  I  cu.  ft.  of 

(water  per  stroke.     An  air  chamber  is  to  be  fitted  to  this  pump  of  such  siie 

Pthat  the  discharge  pressure  on  the  pump  shall  vary  from  100  lbs.  per  sq.  in. 

'  at  the  beginning  of  the  stroke  to  150  lbs.  per  sq.  in.  at  the  end  of  the  stroke 

if  all  the  water  delivered  duriiw  one  stroke  must  be  accommodated  in  the  air 

chamber.     The  temperature  of  the  water  and  of  the  air  in  the  chamber  re- 

I   main  constant  at  60   F.  and  no  air  is  absorbed  b^  the  water,     (a)  What  must 

~  c  the  volume  of  the  air  chamber  if  R  for  air  is  equal  to  53.3?     (4)  Would 

e  be  any  economic  advantage  in  using  a  gas  with  R  =  96? 

33.   Assume  that  gas  is  to  be  used  for  the  doing  of  external  work  by  being 

^lusted  at  constant  pressure  through  a  certain  lempetatute  range.     If  a  lar^ 

ttumbcr  of  gases  are  available  but  only  one  pound  of  any  one  gas  can  be  used, 

Vonld  you  select  the  gas  having  the  lowest  or  highest  %-alue  of  R  if  maximum 

unt  of  work  was  8  consideration?     Why?     What  other  property  of  the 

s  would  you  consider  if  size  of  machine  was  also  of  impottance?     Why? 

turning  that  it  is  ilesired  to  determine  the  gas  which  would  give  the  maxi- 

'         '    with  the  smallest  niachine,  how  would  you  proceed? 


CHAPTER  V. 

,  (a)  How  much  work  can  be  done  by  two  pounds  o(  air  expanding  at  a 
wnstant  presaun:  of  50  lbs.  per  sq.  in.  lo  twice  the  original  volume  if-thc  mitial 
bemperaiutt  is  50"  F.?  (6)  What  will  be  the  finaf  Icmpcraturu?  (e)  How 
piuch  heat  will  have  to  be  supplied  the  gas?     {Cp  =  0.3374.) 

.  One-half  pound  of  nitrogen  is  inclosed  in  a  cylinder  fitted  with  a  Iric- 
^onleas  piston.  When  the  gas  has  a  temperature  of  100°  K.  the  pressure  upon 
me  [HSlonisas  lbs.  p<.TSq.  in.  It  is  desired  loabstiact  30  B.t.u.  from  the  gas 
^ilhout  changing  its  pressure.  What  will  be  the  temperature  drop  and  how 
h  intlsl  the  volume  be  decreased?     (C^  =  0.3438.) 

•1  with  a  capacity  of  5  cu.  ft.  is  filled  with  air  at  a  pressure  ol  125 
n.  when  at  a  temperature  of  60°  F.  It  is  desirable  to  lower  the 
»M]Fe  to  50  Ihs  per  sq.  in.  What  amount  of  heat  will  have  to  be  abstracted 
1  what  wiM  he  the  nn.il  temperature  of  the  gas,  assuming  that  the  vessel 
.•hnnge  of  tempcratitre?  (K  =  53-34:  7  =  I-4037-) 
"l\-  closed  at  one  end  is  fitted  with  a  frictlonless 
,i>jn  its  closed  end  in  a  vacuum.  It  holds  a  volume 
r  :iiircof  75°  F.,  am]  a  pressure  of  3o  lbs.  persq.in., 
"Ill  by  the  weight  of  the  piston  and  superposctl 
1  iiiire  is  raised  to  ijo"  F.  and  the  piston  is  pre- 


l..g. 


ikled  how  much  external  work  would  have  been 


lU  iijui-h  \tutl;  niuat  be  done  to  compress  ino  lbs.  of  air  iBothermally 
om  B  iircisure  of  13  lbs.  p€?r  sq.  in,  at  a  tcmijcrature  of  70°  F,  to  a  pressure 
110  ids,  j)cr  "1,  in.?     (Spec.  vol.  at3i°F.  and  14.7  Iba.—  la.aB".) 
b.   Mow  niiich  heat  must  be  absorbed  during  the  pnxcss  assumeil  in  prob- 

7.   One  pouniViif  air  expands  isothermally  in  a  cylinder  Itehind  j  fricl 
"swn.     The  initial  pressure  is  100  lbs.  per  sq.  in.,  the  initial  tem| 
pJ*F„tberatioof  fxpansloniss.     (Spec.  vol.  at  32°  F.  .md  I4.7lh<. 
^b)  Wut  amount  vi  work  will  the  ga- dw  upon  th.-  ..;-■....'     .'..   1 
t  will  Iwvc  10  be  supplied  the  ga-f  during  tliL-  >  ■■' 
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8.  Find  the  work  done  by  0.5  lb.  of  carbon  dioxide  expanding  isothermally 
at  100°  F.  from  an  initial  pressure  of  100  lbs.  p)er  sq.  in.  to  a  final  volume  of  10 
cu.  ft.     (Spec.  vol.  at  32"  and  14.7  lbs.  =8.1  cu.  ft.) 

9.  Air  is  compressed  at  constant  temperature  from  a  volume  of  60  cu.  ft. 
and  a  pressure  of  14.7  lbs.  per  sq.  in.  to  a  volume  of  12  cu.  ft.  Find  (a)  final 
pressure!  {b)  heat  removed,  and  (c)  work  done  upon  the  gas. 

10.  Find  the  work  done  by  4  lbs.  of  air  expanding  isothermally  from  a 
pressure  of  100  lbs.  per  sq.  in.  to  20  lbs.  per  sq.  in.,  the  final  volume  being 
80  cu.  ft. 

11.  Five  pounds  of  air  expand  isothermally  from  a  pressure  of  120  lbs.  per 
sq.  in.  to  a  final  pressure  of  20  lbs.  per  sq.  in.,  the  work  done  being  248,500  ft.- 
Ibs.  (R  =  53.3.)  Find  (o)  initial  volume,  (6)  final  volume,  (c)  initial  tem- 
perature, and  id)  heat  supplied. 

12.  The  volume  of  i  lb.  of  air  at  32°  F.  and  14.7  lbs.  per  sq.  in.  —  12.387 
cu.  ft.  (a)  Find  work  done  during  the  isothermal  exptansion  of  one  pound  of 
air  from  100  lbs.  per  sq.  in.  to  20  lbs.  per  sq.  in.  at  lOO**  F.  (log*  5  =  1.61.) 
(b)  Find  initial  and  final  volumes,     (c)  Find  value  of  R. 

13.  A  given  weight  of  gas  occupies  3.09  cu.  ft.  and  is  under  a  pressure  of 
200  lbs.  per  sq.  in.  It  expands  isothermally,  the  ratio  of  exp>ansion  being  3. 
Find  (a)  final  volume,  (b)  ft. -lbs.  of  work  done,  and  (c)  B.t.u.  necessary  to  do 
this  work. 

14.  Atmospheric  pressure  at  sea  level  on  a  certain  day  is  14.7  lbs.  per  sq.  in. 
and  on  a  certain  mountain  it  is  12.5  lbs.  per  sq.  in.  An  air  compressor  at 
each  place  compresses  isothermally  100  cu.  ft.  of  air  per  minute  (measured  at 
existing  atmospheric  pressure  and  same  temperature  in  each  case)  to  a  pres- 
sure of  80  lbs.  per  sq.  in.  How  much  work  is  done  upon  the  gas  in  each  case? 
What  is  the  difference,  and  what  per  cent  of  the  smaller  quantity  is  used  in 
excess  in  the  less  favorable  location? 

15.  If,  in  the  preceding  problem,  each  compressor  had  raised  the  pressure 
to  five  times  atmospheric  pressure  at  its  own  location,  how  would  the  quantities 
of  work  compare? 

16.  A  gas  with  7  =  1.4  expands  adiabatically  from  an  initial  volume  of  10 
cu.  ft.  and  an  initial  pressure  of  100  lbs.  per  sq.  in.  to  a  terminal  pressure  of 
15  lbs.  per  sq.  in.     What  is  the  final  volume? 

17.  A  gas  with  y  =  1.35  expands  adiabatically  from  an  initial  volume  of 
0.4  cu.  ft.  and  an  initial  pressure  of  80  lbs.  per  sq.  in.  to  a  final  volume  of  4 
cu.  ft.     What  is  the  final  pressure? 

18.  A  gas  with  7  =  1.41  is  compressed  adiabatically  from  an  initial  volume 
of  5  cu.  ft.  and  an  initial  pressure  of  15  lbs.  per  sq.  in.  to  a  final  volume  of 
I  cu.  ft.     What  is  the  final  pressure? 

19.  A  gas  with  7  =  1.33  is  compressed  adiabatically  from  an  initial  volume 
of  2  cu.  ft.  and  an  initial  pressure  of  15  lbs.  per  sq.  in.  to  a  final  pressure  of 
85  lbs.  per  sq.  in.     W'hat  is  the  final  volume? 

20.  One  pound  of  air  expands  adiabatically  in  a  cylinder  fitted  with  a 
frictionless  piston.  The  initial  pressure  is  100  lbs.  per  sq.  in.;  the  initial 
temperature  is  50°  F.;  the  ratio  of  expansion  is  5.  (Spec.  vol.  at  32**  and  14.7 
lbs.  =  12.387;  7  =  1.4037.)  (a)  What  amount  of  work  will  the  gas  do  upon 
the  piston?  (b)  How  much  heat  will  have  to  be  supplied  the  gas  during  the 
expansion?     (c)  Compare  with  results  of  problem  7. 

21.  Five  pounds  of  gas  with  7  =  1.4  expand  adiabatically  from  a  volume 
of  0.2  cu.  ft.  and  a  pressure  of  90  lbs.  per  sc\.  in.  to  a  final  pressure  of  18  lbs. 
per  sq.  in.  (a)  What  is  the  final  volume?  (b)  How  much  external  work  is 
done  by  the  gas? 

22.  How  much  work  must  be  done  upon  two  pounds  of  gas  to  compressi 
them  adiabatically  from  a  volume  of  2  cu.  ft.  and  a  pressure  of  14  lbs.  per  sq. 
in.  to  a  final  pressure  of  80  lbs.  per  sq.  in.?     The  value  of  7  is  1.4. 

23.  What  will  be  the  difference  in  the  amounts  of  work  required  to  com- 
press 5  cu.  ft.  of  free  air  (air  at  60°  F.  and  14.7  lbs.  per  sq.  in.)  to  a  pressure  of 
90  lbs.  per  sq.  in.  when  the  compression  is  adiabatic  and  when  it  is  isothermal? 
(7  =  1.4037.) 
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ir  compresaor  can  be  so  arranged  as  li 
_either  iaothermally  or  adiabatically.     It  receives  air  at  a  pressure  o 

Krsq.  in.  and  compresses  to  a  pressure  of  75  lbs.  per  sq.  in.  (7=  1.41.)  i.aj 
jw  much  work  would  be  done  in  compressing  an  initial  volume  of  1  eu.  ft. 
if  air  by  each  tnelhod?  {b)  What  would  be  the  percentage  of  saving  when 
using  the  mure  economical  method? 

35.  Five  pounds  of  gas  have  an  initial  pressure  of  300  lbs,  per  sq.  in.  and 
■ccupy  an  initial  volume  of  20  cu.  fi.  (Cp  =  0.238;  R  =  53.3.)  (a)  Find 
'■r  and  T,.  (i)  If  this  gas  is  expanded  adiabatically  10  a  pressure  of  150  lbs. 
,  what  will  be  the  numerical  value  of  Vi.  Tj  and  work  done^ 
'  26.  One^iuartcr  of  a  pound  of  gas  with  Cp  =  0.238  and  C,  =  0.169  'a  ex- 
anded  adiabatically  from  t'l  =  0.1  cu.  ft.  and  ^1  "  300  lbs.  per  sq.  in.  to 
I  =  ISO  lbs,  per  sq.  in.  (a)  What  are  the  numerical  values  of  R.  T.  I'j,  Ti? 
|6)  What  is  toe  numerical  value  of  work  done? 

'.  One-quaner  nf  a  pound  of  air  is  compressed  adiabatically  from  13  lbs. 
tq.  in.  and  60°  F.  10  a  pressure  of  100  lbs.  peraij.in.  After  compression  its 
■nperature  is  decreased  to  60"  F.  while  the  volume  is  maintained  constant- 
„  )  How  much  beat  will  haN-e  to  be  abstracted  lo  bring  this  about?  (A)  What 
will  be  the  liiuil  pressure?  (f)  If  the  gas  is  now  allowed  to  expand  adiabati- 
really  to  a  pressure  of  13  llis.,  how  much  work  can  it  do  and  how  dors  this 
I  BDmpare  with  that  required  in  the  original  compression?  (d)  What  will  be 
L  the  volume  and  temperature  al  end  of  expansion  as  in  (c)  above?  (Spec.  voL 
[  at  32*  and  14.7  lbs,  =  12.387;  >  =  1 .4037;  Cg  =  0.2374.) 

38.    Using  logarithmic  cross-section  paper  determine  the  pressure  exerted  by 

I  gas  for  each  cubic  foot  oF  volume  increase  when  expanding  according  to  the 

■"'Ibw  PV*  ^  conaiani,  from  an  initial  pressure  of  100  lbs.  per  sq.  in,  and  an  ftii- 

UCiat  volume  of  one  and  one-half  cu.  ft.  10  a  terminal  pressure  of  15  lbs.  pcrgq.  in. 

¥     39.  Air  is  drawn  into  an  air  compressor  at  a  temperature  ot  61°  F.  and  at 

Esunosphcric  pressure  (14.7  lbs.  per  sq.  in.}.     The  flash  point  of  the  oil  used 

Eto  lubricate  the  compressor  piston  is  350*  F.     If  compression  is  adiabatic, 

trhal  pressure  could  be  attained  in  the  compressor  if  the  maximum  allowable 

temperature  is  sodcgreesbclowlhe  flash  point  otthcoil?     lAssume7  =  1.41.) 

',    30.   An  air  conijjressor  romprcsscs  adiabatically  100  cu.  ft,  of  air  per  min- 

asurcd  at  initial  conditions  of  15  lbs.  per  sq,  in.  and  &o°  F.     The  hnal 

■e  is  go  lbs.  per  sq,  in.     (a)  Find  work  done  on  air  per  minute.     (&J  Find 

Enal   temperature,     (e)  Find  weight  of  air  compressed   per  minute.     (Spec. 

Vil,  =  ia.387  ul  il"  F.  and  14.7  lbs.:  ft  =  53.3:  and  y  =  1.41) 

3t.  The  initial  conditions  ol  two  pounds  of  gas  are  pi  =  100  lbs.  per  sq.  in. 

\kijA  Ii  "  60°  F.     {R  (or  this  gas  is  53.3  and  -y  =  1.41.)     (a|  How  much  work 

done  by  the  gas  if  it  Mpands  isoihermally  to  a  final  pressure  of  15  lbs. 

iran.  in.?     (0)  If  the  expansion  is  adiabatic?     (c)  What  is  the  percentage 

lin  hy  the  former  mMhod?     ((f)  How  is  this  gain  purchased?     («)  Mow  do 

jefiiial  temperatures  compare'" 

1 33.    Power  is  obtained  by  expanding  air  adiabatically  in  an  engine  cylinder. 

*  ia  fc4tnd  that  when  the  temperature  ol  the  air  drops  below  32  F.  ihe  mois- 

..c  which  is  carried  by  the  air  freezes  and  impairs  the  action  of  the  engine. 

ir  to  received  by  Ihe  engine  at  a  tempcrati         '■-'•'-  ■-    - 

s-pertq.  in.     (.Assume  y  =  1.41  and  ass 

^oinure  present  in  the  air  is  so  small  as  1 

^.,  All  formulas  may  be  used  as  though  dry 

K  the  lowest  pressure  to  which  the  air  can  ■    , 

^Pp  bdow  32°  F.?     (6)  To  what  initial  temperature  would  it  lie  necessary ^t 
Ht  the  air  in  i>rder  ihat  it  may  bo  possible  to  expand  to  ij  lbs.  per  sq.  *ii 
It  dn>iipin^  below  the  minimum  allowable  [cmperaturc.' 

''33.   Air  is  available  for  use  in  11  compressed  air  engine  ai   1  ri  ii;.i  1. 1   ■ 

^y¥,  and  al  a  pressure  of  125  lbs.  per  sq.  In,     Ii  is  desiri-il  1  ,  .      ' 

istant  pressure  tu  such  a  tcmperaluri-  ihal  it  will  not  drop  li  ^ r 

■p  of  3S  F,  when  expanded  lo  a  finnl  pressure  of  16  lbs.  p( 
»  Ih*  «I«ation  PP-»-  const.  How  much  h™t  will  I*  re 
■  "         0.337? 
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CHAPTER  VL 


1.  Is  the  following  process  therroodynamically  reversible?  Why?  Gas  in 
contact  with  a  hot  Ixxly  ^ith  the  same  temperature  as  the  gas,  receives  heat 
from  that  hot  body  while  expanding  isothermally  and  doing  work. 

2.  Is  the  following  process  thermodynamically  reversible?  Why?  Gas 
expands  isothermally  and  does  a  certain  amount  of  work  at  the  exp>ense  of 
heat  received  from  a  hot  body  at  temperature  lo  degrees  higher  than  that  of 
the  gas. 

3.  Is  the  following  process  thermodynamically  reversible?  Why?  A  gas  is 
made  to  expand  at  constant  pressure  by  being  brought  into  contact  with  a 
hot  body. 

4.  Is  the  following  process  thermodynamically  reversible?  Why?  A  gas 
maintained  at  constant  volume  has  its  pressure  decreased  by  being  brou^t 
into  contact  with  a  cold  body. 

5.  Is  the  folloift-ing  process  thermodynamically  reversible?  Why?  Gas  is 
compressed  adiabatically  in  a  nonconducting  cylinder. 

6.  Is  the  follouking  process  thermodynamically  reversible?  Why?  Gas  is 
compressed  in  a  cylinder  ^ith  metallic  ^"alls. 

7.  Is  the  follo^'ing  process  thermod>'namically  reversible?  Why?  A 
blacksmith  strikes  his  anvil  forcibly  ^Tth  his  hammer. 

8.  Is  the  following  process  thermod>'namicalIy  reversible?  Why?  The 
hot  gases  resulting  from  the  combustion  of  fuel  within  a  boiler  furnace  flow 
up  a  smoke  stack  because  their  density  is  less  than  that  of  the  atmosphere 
surrounding  the  stack.     Is  the  process  going  on  in  the  stack  reversible? 

9.  Is  the  following  process  thermodynamically  reversible?  Why?  A  car- 
penter bores  a  hole  in  a  piece  of  wood  by  means  of  a  brace  and  bit. 

ID.  Is  the  following  process  thermodynamically  reversible?  Why?  A 
machinist  cuts  a  thread  upon  a  bar  of  metal  which  is  rotated  in  a  lathe.  The 
bar  and  cutting  tool  arc  kept  cool  by  a  stream  of  soap  solution.  Outline  the 
energy-  changes  occurring  and  tell  whether  the  process  is  reversible  so  far  as 
these  encrg>'  changes  are  concerned. 

II.  -Assume  two  vessels  of  equal  cubical  content  arranged  as  in  Sect.  35  (b), 
one  containing  one  p>ound  of  air  at  a  temperature  of  60**  F.  and  a  pressure  of 
100  lbs.  p)er  sq.  in.,  the  other  absolutely  void.  (Spec,  volume  of  air  at  32"  F. 
and  14.7  lbs.  =  12.387).  Assume  that  it  is  [x>ssible  to  open  the  cock  between 
the  two  suddenly,  to  allow  gas  to  flow  from  the  high- pressure  to  the  low-pres- 
sure vessel  until  both  have  the  same  pressure  of  gas,  and  then  to  close  the 
cock  suddenly  so  as  to  isolate  the  two  bodies  of  gas.  Assume  further  that 
the  material  of  which  the  two  x-essels  and  fittings  are  made  is  absolutely 
impervious  to  heat,  (a)  .At  the  end  of  the  process  what  will  be  the  temp>era- 
ture  of  the  gas  contained  in  the  vessel  originally  charged  with  high-pressure 
gas?  (b)  At  the  end  of  the  process  what  will  be  the  temp>erature  of  the  gas 
contained  in  the  vessel  originally  void? 

CHAPTER  Vn. 

1.  Find  the  change  of  entropy  of  4  lbs.  of  a  gas  heated  at  constant  pressure 
from  a  temperature  of  60**  F.   to  a  temperature  of  locx)*' F.     (C,  =  0.192; 

2.  If  6  lbs.  of  air  are  cooled  at  constant  volume  until  the  final  pressure  is 
one-fourth  of  the  initial,  find  the  change  of  entropy.     (Cp  —  0.169.) 

3.  If  10  lbs.  of  air  are  heated  at  constant  pressure  until  ^  »  2  /i,  thereby 
adding  1185  B.t.u.  to  the  gas,  find  the  change  of  entropy.     (Cp  =  0.237.) 
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:4.7  lbs.  per  sq.  i 
eu.  ft.    The  gas  is  maintained  ^ 

5.  [f  aj  Iba.  of  carbon  dioxide,  having  J?  =  35.1,  arc  Compressed 
voTunie  of  50  cu.  ft.  to  a  volume  of  10  cu.  ft.,  the  pressure  remaining  constani 
find  the  change  in  entropy.     {Cp  =  o.2oo£.) 

6.  If  5  lbs,  of  air  expand  isothermally  from  a  pressure  of  loo  lbs,  per  sq. 
to  a  pressure  of  30  lbs.  per  sq.  In.  and  a  temperature  of  60°  K..  find  the  chati] 
in  entropy.     (R  =  53.3.) 

7.  if  i  lb.  of  air  is  allowed  to  expand  isothermally  at  a  temperature  of  70'  Fi 
tiniil  its  final  volume  is  4  times  its  initial  one.  ^nd  its  change  in  entropy. 
(K  =  S3.3-) 

8.  Find  the  entropy  change  of  5  lbs.  of  a  gas  whicli  expands  isothcrmall^i 
at  60°  V.  until  the  ratio  of  its  final  volume  to  initial  volume  is  14.8.  (Cji  "" 
0.3008;  C,  =  0.1548.) 

<).  Find  how  much  heat  would  be  required  to  heat  4  lbs.  of  air  at  conata 
voltmie  so  that  it  would  experience  an  entropy  change  of  0.468.  its  init 
Icmpcnture  being  60°  F.     (C,  =  0,169,) 

to.  3  lbs.  of  air  arc  compressed  isothermally  from  a  volume  of  36  cu.  11. 
anil  prvssutE  of  15  lbs.  per  sq.  in.  to  a  volume  of  9  cu.  ft.  Find  the  change 
in  entropy.     (R  =  S3-3-) 

1 1.  .At  the  end  of  the  compression  stroke  in  a  gas  engine  cylinder,  the 
pcralure  is  found  to  be  970°  abs,  and  the  entrofiy  change  from  32'  F,  is 
After  combustion  at  constant  volume  (pressure  rise  at  const,  vol.)  the  ent 
has  increased  lo  0.96.     (C,  =  0.16.) 

(1)  What  is  the  final  temperature  at  the  end  of  combustion? 

(2)  fiow  much  heat  has  been  added? 
la,   imagine  0.4  lb.  of  an  ideal  gas  to  expand  in  a  cylinder  which  prevents 

any  heal  flow  to  or  from  the  gas,  initial  pressure  being  100  lbs,  per  sq,  in,  and 
initial  volume  jcu.  ft.,  find  the  work  done  when  its  volume  has  become  3  cu.  ft. 
""'    ■  change  in  temperature.      Find  the  change  in  entropy.      (Cp  =  0.124. 
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CHAPTER  Vm. 


Carnot  cycle  is  performed  with  gas  as  a  working  substance.  ThftI 
„ature  of  the  hot  body  1^  1000°  K.  and  that  of  the  cold  body  is  do'Ftf 
much  work  is  done  per  cycle  if  ihe  heat  supplied  per  cycle  is  10  B.i 
1.  In  the  case  of  the  Carnot  cycle  as  above  with  higher  lempcr.i 
iooti*F.  and  lower  temperature  60  F.,  how  much  work  would  be  done 
cycle  if  the  heal  rejeccci]  per  cycle  equals  10  B.t.u..' 

3.  A  Camol  cycle  with  gas  as  working  substance  is  used  (or  the  devek 
mctu  of  power.     It  is  desired  to  obtain  100  ft. -lbs.  of  work  per  cycle. 
heat  au^lied  per  cycle  equals  0.3  B.t.u.  and  the  temperature  of  the  hot 
is  500*  r .     What  must  be  the  temperature  of  the  cold  body? 

4.  A  Carnot  engine  is  to  be  used  as  a  heat  pump  to  remove  10  B.t.i    ,. 
cycit  from  a  body  at  a  temperature  of  32°  F.  and  discharge  to  a  body  at 
tcmpenturv  of  100°  F,     (a)  How  much  energy  will  be  requiri-il  per  cycli 
apen^  thi.s  heat  pump?     (b)  How  much  will  be  required  if  the  uppci  " 
pcraturc  is  joo°  F'.?     (t)  How  much  heat  will  be  discharged  to  ihc  hot 
in  each  case? 

5.  An  engine  using  air  a«  a  working  substance,  receiving  heal  from 
bony  >(  temperature  iuoo°  F.  and  rejecting  at  temperature  too"  F..  oper»l 
on  ft  cycle  composed  of  an  iaothermal  expansion,  an  adiabatic  expansion, 
iaathermal  compression,  and  an  isovolumic.     Is  this  a  reversible  cycli ''     "'' 

6.  Draw  eycie  de^ribcd  in  5  above  and  deicrminc: 
(ij  Heat  supply  ijiuBitive  or  negative)  during  eatti  process. 
(aj  Work  donf  I  ixibiiive  or  negative}  during  each  proccw. 
'-■  Eflkiency  <A  tvcle. 

"imot  etficiciiLv   with  same  temperature  limitB;   y  -  1.41; 
2  fur  the  isothermal  expansion. 
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7.  One-half  of  a  |>ound  of  air  is  enclosed  in  a  cylinder  fitted  with  a  mofve- 
able  piston.  It  occupies  a  volume  of  3  cu.  ft.,  exerts  a  pressure  ol  100 
lbs.  per  sq.  in.,  and  the  area  of  the  piston  is  I  sq.  ft.  The  gas  is  expanded  at 
constant  pressure  to  a  volume  of  6  cu.  ft.;  the  pressure  is  then  dropped  at 
constant  volume  to  a  value  of  15  lbs.  p>er  sq.  in.;  the  gas  is  then  compressed 
at  constant  pressure  to  a  volume  of  3  cu.  ft.;  lastly  the  pressure  is  raised  to 
100  lbs.  per  sq.  in.  at  constant  volume. 

(a)  Draw  the  cycle  to  PV  coordinates  and  indicate  values  of  pressure,  vol- 
ume and  temperature  at  the  four  corners. 

(6)  Find  the  net  work  done  by  the  gas  during  one  cycle. 

(c)  Find  the  heat  supplied  or  rejected  during  each  process  and  the  net  heat 
change. 
•    {d)  Find  the  efficiency  of  the  cycle. 

(e)  Assuming  the  use  of  one  hot  and  one  cold  body  is  this  cycle  reversible? 
WTiy? 

8.  (a)  Draw  the  Carnot  cycle  to  PV  and  T0  coordinates  for  the  following  con- 
ditions. Two  pounds  of  nitrogen  are  used  as  working  substance.  The  maxi- 
mum temperature  is  1500**  F.  and  the  maximum  pressure  is  200  lbs.  per  so.  in. 
The  ratio  of  isothermal  expansion  is  2.     The  minimum  temperature  is  50   F. 

(6)  Find  the  heat  supplied,  the  heat  rejected  and  the  work  done. 

(f )  Find  the  efficiency  of  the  cycle,  or  of  an  engine  using  the  c>xle. 

9.  (a)  Determine  the  efficiencies  of  Camot  cycle  engines  using  gaseous 
working  substances  when  the  hot  body  and  the  cold  body  have  the  following 
temperatures  respectively: 


Body  Temperature 

Cold  Body  Temperature 

(1)  3000°  F. 

(2)  1500**  F. 

(3)  iSoo'^F. 

500"  F. 

O^'F. 

500°  F. 

(6)  Which  is  the  more  effective  method  of  increasing  the  efficiency,  raising 
T'l  or  lowering  Ti?     Why? 

10.  If  the  maximum  and  minimum  temperatures  and  pressures  are  both 
given,  what  must  be  the  ratio  of  isothermal  exp>ansion  in  a  (Jamot  c>'cle  engine 
using  gas  as  a  working  substance? 

11.  An  engine  operating  on  the  Joule  cycle  has  the  following  conditions  at 
the  end  of  compression  Va  =  0.5  cu.  ft.;  Pa  =  70  lbs.  per  sq.  in.;  Ta  =  1800* 
abs.  After  constant  pressure  exp>ansion  the  volume  is  0.75  cu.  ft.  For  the 
gas  used  Cp  —  0.26  and  Cv  ='  0.19.  Temperature  at  end  of  expansion  is  900° 
abs.  and  at  the  beginning  of  compression  is  600^  abs.     Find 

(i)  Net  work  of  cycle. 
(2)  Efficiency  of  cycle. 

12.  A  gas  engine  operating  on  the  Otto  cycle  uses  0.15  lb.  of  gas  per  c>'clc 
having  Cp  =  0.2056,  and  Cv  =  0.1457.  The  pressure  at  end  of  compression 
is  75  lb.  per  sq.  in.  and  the  temperature  is  1000^  abs.  At  end  of  explosion 
line  the  temperature  has  risen  to  2500°  abs.;  at  the  end  of  expansion  the 
temp>erature  is  1800^  abs.  and  at  the  banning  of  compression  it  is  720^  ab& 
Find: 

(i)  Work  during  expansion  and  compression. 

(2)  The  heat  sent  into,  and  the  heat  sent  out  of,  the  system. 

(3)  The  efficiency  of  the  cycle. 

13.  A  gas  engine  operating  on  the  Diesel  cycle  uses  an  oil,  the  products  of 
combustion  of  which  have  a  gamma  value  of  1.41.  The  weight  of  gas  used  is 
0.15  lbs.  The  temperature  at  end  of  compression  is  1800°  abs.  and  at  end 
of  constant  pressure  expansion  is  2000°  abs.  The  clearance  is  8  per  trent  and 
the  piston  displacement  is  2  cu.  ft.  (Cp  =  0.2056,     Cv  «  0.1457.)     Find: 

(a)  Heat  added. 

(b)  Heat  rejected. 

Ic)  The  pressure  obtained  at  beginning  and  end  of  each  process. 
id)  The  entropy  changes  for  each  line. 


PROBLEMS 

. .  '  hot  air  engine,  operaiing  on  the  Stirling  cycle,  uses  0.066  ib^M 
at  BLr.  The  tcmperalure  of  ihe  hoi  body  is  3000°  abs.  and  rhat  of  the  cold^ 
body  is  600°  alls,,  tht  initial  volume  being  0.8  cu.  ft.  and  the  final  volume  ] 
bring  I  eu.  ft.  {Cp  —  0.237,  ^^  =  "-'69.)  Lowest  pressure  in  c>cle  =  14.7  | 
lb*,  per  $q.  in.     Find:  1 

(a!  The  pressures  at  the  beginning  and  end  of  expansion,  and  at  the  end  of  J 

(S)  Net  worV  o(  cycle,     (c)  Efficiency  of  cycle. 

15.  A  Diesel  gas  engine  operates  with  a  gaa  having  Cn  =  0.73  and  C.  = 
0.156.  The  pressure  al  the  end  of  the  compresaon  is  S50  lbs.  per  so.  in. ;  (he 
volnmr  b  0.1  cu.  ft.  and  the  temperature  zoon"  abs.  At  the  beginning  of  the 
ildiiibaric  expansion  the  icmperaturc  is  2400°  ab^.  and  at  the  end  of 
ia  iioo*  abs.  Find  all  necessary  lemperatures,  pressures  and  voli 
dctermrnc: 

ia)  The  work  done  durine  the  constant  pressure  and  adiabatic  eicpan^oi 

!6|  Work  during  iidiabatic  compression. 
c)  Iblliciency  of  cycle. 

16.  A  gas  engine  working  on  the  Otto  cycle  has  a  pressure  at  the  begii 
of  compres^on  =  tj  lbs.  per  sq.   in.     Find    the  clearance   ti>   give   a. 
pmsiun  of  91  lbs.  per  sq,  in.,  afsu mine  the  exponent  for  compression 
1.22.     If  the  initial  temperature  Is  60°  F.  find  the  temperature  at  the  end  of 
compression. 

17.  Suppose  a  gas  engine  is  worliing  on  the  Otto  cycle,  under  the  following 
conditions:  Compression  pressure  =  80  lbs.  per  sq.  in.;  pressure  after  ex- 
plodon  =  140  lbs.  per  sq.  in.  The  volume  at  the  beginning  of  compression  i» 
6  cu.  ft.,  and  at  the  end  of  compression  it  isicu.  ft.  (y  =  1. 41.)  Find  work 
done  for  each  step  of  cycle  and  the  net  work  done. 

IB.  With  the  same  data  as  in  the  previous  problem,  find  the  efficiency  of 
(he  cycle,  ihe  heal  supplied  per  cycle  and  the  heat  rejected. 

19,  [f  a  gas  engine  working  on  the  Otto  cycle  has  25  per  cent  clearance,  fil 
the  efficiency  of  the  cycle.     (7  =  1.41.) 

MX   Find  the  horse  power  of  a  gas  engine  making  100  cycles  per  . , 

each  cycle  transforming  50  B.t.u.  into  work. 

ai.  How  many  B.t.u.  per  minute  will  be  required  to  develop  100  H.P.  in  a 
ringle.Acting  4-stroke  cycle  gas  engine  running  200  R.P.M,  if  the  efficiency  of 
the  cycle  is  30  per  cenl?     What  would  be  the  heat  input  per  cycle? 

CHAPTER   IX. 

I.  If  liquid  with  a  constant  specific  heat  equal  to  0.5  \-aporiies  at  a  tcm- 
peralure  of  isa°  F.  when  the  pressure  is  atmospheric  and  solidifies  at  2°  F.; 
[o)  What  is  Ifie  value  of  g  for  atmospheric  pressure  figured  above  the  tempera- 
tuiv  of  fusion?     (ft)  What  is  the  value  of  q  figured  above  33°  I-',  as  a  datum? 

3.   A  certain  liquid  has  a  variable  spccinc  heat  given  by  the  following  equa- 
tion,  Co  =  0,7  +  0.003 '  ~  o.oooi  C  in   which   I  stands  fur  temperature 
Fahrenheit  degrees.     It  vaporizes  at  a  temperature  of  100°  F.  under  aim 
phcric  pn»sure  and  solidifies  al   —  35°  F.     What  is  the  numerical  value 
the  heal  of  tlie  liquid  figured  above  lemperatutc  of  fusion  as  a  datum? 

3.  When  one  pounn  of  a  certain  liquid  vaporizes  under  a  pressure 
35  Ibf.  jp«r  sq.  in.,  there  is  a  volume  change  of  50  cu.  ft.  The  total  amount 
Sou  added  to  cause  va)H>rizaiton  of  liquid  already  at  vaporizing  temperalu  . 
la  900  B.tu.  lu)  What  is  the  numerical  value  of  the  latent  heat  of  vapor- 
iaUio«i?  (b)  What  is  ihc  numerical  value  of  the  external  latent  heat  of 
mporixntion?  (c)  What  is  the  numerical  value  of  the  internal  latent  heat  of 
vaporiution?  ' 

4.  A  certain  liquid  has  a  constant  specific  heat  of  0,85:  it  solidilies 
—  «'F.  and  vaporiics  under  a  pressure  of  so  lbs.  pcrsq.  in.  at  a  temperature 
175  F.  The  total  heat  required  to  raise  the  temperature  of  one  pound 
nuterial  from  60°  F.  and  so  cause  total  vaporization  at  a  pressure  of  50  lb"  " 
sq,  in.  it  cquiil  to  1250  B.t.u.     (0)  What  is  the  numerical  %-aluG  of  3  for 
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conditions,  figured  above  fusion  temperature  as  a  datum?  (b)  What  is  the 
numerical  value  of  r  for  these  conditions?  {c)  What  is  the  numerical  value 
of  X  for  these  conditions? 

5.  The  pressure  of  a  certain  saturated  vap>or  at  a  temperature  of  250®  F. 
b  75  lbs.  per  sq.  in.  What  will  be  the  temp>erature  of  vaporization  of  this 
material  under  a  pressure  of  75  lbs.  per  sq.  in.? 

6.  The  latent  heat  of  vaporization  of  a  certain  material  under  certain  con- 
ditions is  525  B.t.u.  and  the  heat  of  the  liquid  is  210  B.t.u.  What  will  be  the 
heat  above  the  chosen  datum  associated  with  5  p>ounds  of  the  vapor  of  this 
material  when  it  has  a  quality  of  85  per  cent? 

7.  Three-quarters  of  a  pound  of  liquid  and  one-quarter  of  a  pound  of  the 
vapor  of  that  liquid  have  been  standing  in  a  closed  vessel  for  a  considerable 
lenp^h  of  time.  '  The  temperature  of  the  liquid  is  75*  F.  (a)  What  is  the  con- 
dition of  the  vapor?    Why?    (6)  What  is  the  temperature  of  the  vapor?    Why? 

8.  The  average  constant  pressure  specific  heat  of  a  certain  vapor  over  a 
temp>erature  range  of  100  de^;rees  starting  at  the  temperature  of  vaporization  at 
a  pressure  of  100  lbs.  p>er  sq.  in.  is  0.4.  The  internal  latent  heat  of  vaporization 
at  this  pressure  is  700  B.t.u.  The  external  work  done  during  vaporization  is 
46,600  ft.-lbs.  The  specific  heat  of  the  liquid  is  constant  and  equal  to  0.9 
over  the  temperature  ran^e  of  200  degrees  between  datum  temperature  and 
the  temperature  of  vap>onzation  under  the  pressure  given  above.  What  is 
the  total  heat  associated  with  10  lbs.  of  this  superheated  vapor  at  a  temper- 
ature of  100  degrees  higher  than  its  temperature  of  vaporization  at  the  assumed 
pressure? 

9.  A  certain  material  has  a  latent  heat  of  vaporization  of  700  B.t.u.  at 
atmospheric  pressure.  The  constant  pressure  specific  heat  of  its  super- 
heated vapor  at  atmospheric  pressure  is  0.5.  If  7  lbs.  of  100°  superheated 
vapor  are  brought  into  intimate  contact  with  5  lbs.  of  75  percent  vapor  of  the 
same  material  and  the  combination  is  maintained  at  atmospheric  pressure, 
what  will  be  the  ultimate  condition  of  the  resulting  product? 

10.  A  gas  occupying  a  vessel  with  internal  volume  of  i  cu.  ft.  exerts  a 
pressure  of  10  lbs.  per  sq.  in.  Another  gas  in  a  similar  vessel  exerts  a  pressure 
of  15  lbs.  per  sq.  in.  What  will  be  the  pressure  on  the  walls  if  both  gases 
simultaneously  occupy  one  of  the  vessels? 

11.  A  certain  sfxice  is  saturated  with  a  vapor  at  a  temperature  of  250°  F. 
which  exerts  a  pressure  of  17  lbs.  per  sq.  in.  Air  at  the  same  temperature  as 
the  vapor  is  pumped  into  the  same  sp>ace  until  the  pressure  has  risen  to  25  lbs. 
sq.  in.  What  weight  of  air  occupies  each  cubic  foot  of  the  space  if  the  spe- 
cific volume  of  air  at  32"  F.  and  14.7  lbs.  per  sq.  in.  is  12.387? 

12.  A  certain  liquid  is  vaporized  in  a  closed  vessel  from  which  the  vapor  is 
allowed  to  escape  as  fast  as  generated.  The  pressure  of  the  vapor  in  question 
at  the  temp>erature  within  the  vessel  should  be  100  lbs.  per  sq.  in.  but  a  pres- 
sure gauge  indicates  a  pressure  of  102  lbs.  p>er  sq.  in.  The  excess  is  supposed 
to  be  due  to  air  mixed  with  the  vapor.  The  value  of  R  for  air  is  53.34.  How 
much  air  must  be  present  per  cubic  foot  of  space?    Assume  temperature  of 


100° 


CHAPTER  X. 

1.  By  means  of  the  steam  table  find  the  temperature,  total  heat,  heat  of 
the  liquid,  internal  latent  heat,  and  external  latent  heat  for  one  pound  of  dry 
saturated  steam  having  the  following  absolute  pressures  in  lbs.  per  sq.  in.: 
15.  30.  80,  125,  175  and  300.      . 

2.  Determine  from  the  steam  table  the  space  filled  by  10  lbs.  of  dry  satu- 
rated steam  under  an  absolute  pressure  of  200,  175,  135,  100,  80  and  10  lbs. 
per  sq.  in. 

3.  By  means  of  the  steam  table  determine  the  number  of  pounds  of  steam 
that  will  be  required  to  fill  10  cu.  ft.  when  under  an  absolute  pressure  of  200, 
115,  40  and  5  lbs.  per  sq.  in.:  (a)  If  the  quality  is  100  per  cent;  (6)  If  the 
quality  is  80  per  cent. 

4.  Determine  by  means  of  the  steam  table  the  entropy  of  the  liquid,  and 


e  entropy  of  vaporizalion  lor  i  lb.  or  su 
aures;   15,  50,  80.  125,  175,  and  300  lbs. 
per  cent      (*)  II  the  quality  is  90  per  ct 
_,    Assuming  tlie  specific  heat  of  water  to  be  unity,  comjiute  the  entropy  of 
.-.e  liquid  for  a  pound  of  water  heated  to  the  point  of  vaporisation  for  an  abso- 
I  lute  pressure  of  100  lbs.  per  atj.  in.     Find  the  per  cent  error  by  comparison 
I  with  steatn  table  values. 

6.  Compute  the  entropy  of  vaporiiation  tor  a  pound  of  steam  having  the 
I  lollowing  temperatures;  400.  300  and  30O°  F..  the  corresponding  latent  heats 
I  being  837.J.  909.5  and  977-8  B.t.u. 

1      7,   (o)  Determine  from  the  steam  tables  the  amount  of  heat  required  to 
p  make  a  pound  of  steam,  having  a  pressure  of  100  lbs.  per  gq.  in.  abs.,  by  hcat- 
f  ing  the  water  to  the  temperature  of  vaporiKition  from  a  temperature  of  100°  F., 
i  and  then  vaporizing  until  the  quality  is  80,  90  and  loO  per  cent, 
(ft)   Draw  the  T^diagram  for  (aj. 
S.   With  the  same  data  as  in  (7J  find: 

(a)  The  amount  of  heat  required  to  superheat  the  steam  100°.  300°.  Take 
f  Cp-0.50.     (6>  Draw  the  T*^hart  foe  (a). 

, ,    Determine  by  means  of  the  steam  table  the  quality  of  steam  containing 

<    1039  B.l.u-  of  intnn^  heat  and  having  a  pressure  of  125  \\n.  per  sq.  in.  abs. 

to.    Determine  by  means  of  the  steam  table  the  intrinsic  heat  added  to 

I  lb.  of  water  in  heating  it  from  90"  F.  to  444°  P.,  if  the  pressure  is  keol  con- 

I    Etant  at  lao  lbs.  per  sq.  in.  abs. 

II.    Heat  is  added  to  i  lb.  of  steam  at  a  constant  pressure  of  So  lbs.  per  sq. 

.  abs,,  thereby  increasing  the  quality  from  0.4  to  0.9.     Find  by  means  of 

I    sieam  tables:   (a)  How  much  heat  U  added,     [b)   How  much  internal  heat  is 

added,      (c)   How  much  externa!  heat  ia  added,      (d)  How  much  work  in  ft.- 

lbs.  is  done.     (<r)   How  much  the  volume  of  the  dtcam  is  increased. 

■  a.   Find  by  means  of  the  steam  table  the  heat  rL-quired  to  evaporate  50  lbs.  ' 
of  Wdter  having  a  temperature  of  103''  F.  when  pumpt^l  into  a  boiler,  the  steam 
pressure  in  which  is  125  lbs,  per  sq.  in.  abs. 
J        13.    If  the  temperature  of  the  feed  water  is  loo'',  find  by  means  of  the 
I    steam  table  the  amount  of  heac  required  to  make  lOo  lbs.  of  steam  having  a 
quality  of  95  per  cent,  the  pressure  being  constant  at  175  lbs.  per  sq.  in.  abs. 
14.   By  means  of  the  steam  table  determine  the  volume  occupied  by  the 
(team  in  the  previous  problem. 

1^.  Compute  the  external  work  performed  in  vaporizing  4  lbs.  of  water 
I  into  dn  steam  under  a  constant  pressure  of  too  lbs.  per  sq.  in.  abs.  Com- 
1  pare  with  tabular  value. 
[  16.  Find  the  pressure  equiva 
I  overcome  in  vaporizing  1  lb,  of  wai 

17.  Steam  in  a  boiler  is  under 
uid  is  superheated  150,(1°. 

(a)  Find  by  Tumlirz  equation  the  specific  volume  of  this  steam, 
16)  Find  the  total  heat  of  this  steam  if  its  specific  heat  is  O.51. 
U  Show  jarl  (6J  on  a  T*-chari. 

18.  Find  the  heat  of  superheat,  and  the  total  intrinsic  heat  energy  for  the 
Ream  in  the  previous  problem. 

19.  Sketch  on  a  T^-chart  the  water  curve  and  saturation  curve  for  a  pound 
if  water  vap^jr  between  the  pressure  lirntts  of  2  and  200  lbs.  per  sq.  in,  abs. 

I   showing  the  intermediate  values  for  the  following  pressures,  10,  50  and  loO. 

(a)  Mark  on  the  sketch  the  \-alue  of  the  temperature  and  the  cntropjr  for 
each  point,  estimating  the  distances  as  closely  as  possible. 

(4)  Give  tlw  numerical  values  for,  and  show  what  areas  represent,  the  heat 
of  ihr  liquiil.  and  the  latent  hoai  for  the  two  limiting  pressures  given  above. 

ic)  If  you  had  drawn  the  above  sketch  to  the  following  scale:  I*  =  100'  of 
icmmrarure  jnd  i'  =  1  unit  of  entropy,  how  many  sq.  in.  would  represent  the' 
\otM  hwt  of  ihe  srcam  for  the  pressure  of  200  lbs.  per  sq.  in.  abs.?  Indicate 
tUs  ana  on  your  sketch, 

M.   Find  the  volume  of  a  boiler  containing  looo  lbs,  of  water  ,ind  6 


nt  to  the  internal  force  which  must 
T  under  a  pressure  of  too  lbs.  per  sq.  in.  al 
n  absolute  pressure  of  100  lbs.  per  sq.  i 
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dry  saturated  steam  under  a  pressure  of  135  lbs.  per  sq.  in.  abs.  What  per 
cent  of  this  volume  is  occupied  by  each?  What  per  cent  of  the  total  heat 
energ>'  above  32^  is  contained  in  each? 

21.  How  much  water  having  a  temperature  of  60**  F.  will  be  required  to 
condense  3000  lbs.  of  steam  per  hour,  the  quality  of  the  steam  being  90  per 
cent  and  the  pressure  within  the  condenser  being  I  Jb.  per  sq.  in.  abs.?  How 
much,  if  the  condenser  pressure  is  5  lbs.  per  sq.  in.?  Assume  the  cold  water  to 
be  thoroughly  mixed  with  the  steam. 

22.  Four  pounds  of  steam  having  an  absolute  pressure  of  125  lbs.  per  sq, 
in.  are  condensed  by  flowing  into  200  lbs.  of  water,  the  temperature  of  which 
is  thereby  raised  from  60  to  80°  F.     Find  the  initial  quality  of  the  steam. 

23.  Find  the  total  heat  necessary  to  change  500  lbs.  of  water  from  a  feed 
pump  temperature  of  80°  F.  into  superheated  steam  having  a  temperature 
of  1000"  F.,  the  boiler  pressure  remaining  constant  at  125  lbs.  jjer  sq.  in.  abs. 
Take  the  specific  heat  of  superheated  steam  for  this  range  to  be  0.50. 

24.  One  pound  of  water  at  a  temperature  of  60**  F.  enters  a  boiler  and  is 
vaporized  under  a  pressure  of  115  lbs.  f)er  sq.  in.  abs.  until  it  becomes  dry  and 
saturated  steam.  How  many  pounds  of  water  might  have  been  vap>orized  if 
the  same  amount  of  heat  had  been  added  to  the  water  at  a  temp>erature  of 
212°  and  changed  into  dry  steam  at  this  temperature? 

25.  flow  much  steam  with  a  quality  of  90  per  cent  and  an  absolute  pressure 
of  3.00  lbs.  per  sq.  in.  is  condensed  in  a  surface  condenser  using  14.500  lbs.  of 
circulating  (or  condensing)  water  per  hour,  the  water  entering  the  condenser 
at  55°  F.  and  leaving  it  at  115°  F.? 

26.  An  engine  de\'clops  15  horse  power  using  28  lbs.  of  steam  per  horse- 
power hour.  If  the  engine  exhausts. its  steam  with  a  quality  of  85  per  cent  and 
pressure  of  15  lbs.  per  sq.  in.  abs.  to  the  atmosphere,  find  the  amount  above 
32°  F.  discharged  per  minute.  What  would  be  the  maximum  amount  of  heat 
that  could  be  abstracted  per  minute  from  this  exhaust  steam  by  means  of 
water  which  is  to  attain  a  temperature  of  200**? 

27.  For  each  pound  of  coal  having  a  heating  value  of  14,300  B.t.u.,  a  certain 
boiler  evajwratcd  10  lbs.  of  water  into  steam,  with  quality  of  95  per  cent,  the 
pressure  being  constant  at  145  lbs.  per  sq.  in.  abs.,  and  the  temperature  of 
the  feed  water  being  188°  F. 

Suppose  that  another  boiler,  using  this  same  kind  of  coal,  evaporated  9  lbs. 
of  water  into  dry  steam,  under  constant  pressure  of  125  lbs.  per  sq.  in.,  from 
a  feed  water  temperature  of  121°  F. 

Find  the  heat  given  water  and  steam  by  each  boiler,  and  the  boiler  efficiencies 
(efficiency  =  heat  supplied  water  and  steam  -7-  heat  supplied  boiler). 

28.  Determine  by  means  of  the  T^-diagram  the  pressure  at  which  steam 
will  btKTome  dry  and  saturated  by  expanding  reversibly  and  adiabatically 
from  a  pressure  of  100  lbs.  per  sq.  in.  and  a  sup>erheat  of  50**  F. 

29.  Determine  by  means  of  the  T^-diagram  the  final  condition  of  steam 
which  expands  reversibly  and  adiabatically  from  an  initial  superheat  of  150"  F. 
at  a  pressure  of  150  lbs.  per  sq.  in.  to  a  final  pressure  of  15  lbs.  per  sq.  in. 

30.  Determine  by  means  of  the  T^-diagram  the  volume  of  10  lbs.  of  80 
per  cent  steam  at  a  pressure  of  75  lbs.  per  sq.  in. 

31.  By  means  of  the  values  given  in  the  steam  table  draw  a  T^-diagram 
for  steam  to  such  a  scale  as  to  show  the  extreme  upper  parts  of  the  water  and 
saturation  lines.     Explain  the  shape  produced. 

32.  Draw  by  means  of  values  given  in  the  steam  tables  a  physical  equil- 
ibrium diagram  for  liquid  water  and  water  vapor  between  the  cntical  tempera- 
ture and  100°  F.  similar  to  jxirt  of  Fig.  34.  (Use  care  in  choosing  scales  so 
that  entire  diagram  can  be  drawn  on  sheet  chosen.) 

33.  Determine  by  means  of  the  Mollier  Chart  the  final  conditions  of  steam 
expanding  reversibly  and  adiabatically  from  an  initial  superheat  of  400  deg^rees 
at  a  pressure  of  100  lbs.  per  sq.  in.  to  a  final  pressure  of  10  lbs.  per  sq.  in. 

34.  Find  from  the  Mollier  Chart  the  heat  which  must  be  supplied  to  change 
10  lbs.  of  95  per  cent  steam  at  20  lbs.  per  sq.  in.  to  steam  superheated  200 
degrees  F.  at  the  same  pressure.* 

*  The  Ellenwood  Chart  may  be  used  instead  of  the  Mollier  in  this  and 
subsequent  problems. 
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t.   One  pound  of  liry  f^turated  steam  at  an  absolure  pressure  of  100  lbs.  per 
(  M).  in.  is  expanded  along  a  reversible  adiabatic  until  its  pressure  is  50  lbs.  per 
I.  in.  abs.     Find  its  new  quality,  volume  and  the  work  done. 

3.  Find  the  same  rtuanlilies  with  the  same  data  as  in  the  previous  problem, 
I  except  the  s«;ood  pressure,  which  is  15  lbs.  per  sq.  in. 

I  3.  Steam  is  formed  in  a  boiler  at  aconstant  pn.'ssureof  loolb.  per  sq,  in.  aba. 
I  ^nri  with  BUchaquaKt>  that  a  pound  occupies  only  3.54  cu.  ft.  rleat  is  added 
1  at  constant  pressure  until  the  stcsm  is  superheated  150  degrees,  (a)  Deter- 
f  mini!  thi!  quality  at  the  bt'ginning  of  the  superheating  process.  (A)  Find  the 
I  taaX  hcnt  added  und  the  hcut  of  superheat,  (f)  Show  on  Tff-chart. 
I  4,  How  much  external  work  was  done  in  the  previous  problem  during  the 
I  period  of  supcrhcaling?  What  is  the  total  intrinsic  heat  energy  at  the  point 
al  movimum  supiTheat? 

5,  Sle>un  is  contained  in  a  cylinder,  at  an  absolute  prrj=sure  of  135  lbs.  per 
I  sq.  in-  and  a  quality  of  So  per  cent.  It  expands  i!,entrapii:a.lly  to  25  lbs.  per 
I  E(].  in.  abs.  (a)  Fmd  volume  occupied  by^tcam  befort^  expansion  (b)  Fmd 
I  quality  at  end  of  expansion.     (1^)  Find  work  done  in  ft.-lbs.  during  adiabalk 

_ .  .  or  previous  problem  find  the  total  heat  of  steam  at  the  beginning  and 
I  at  the  end  of  i^pansion;  also  the  intrinsic  heat  cner^  used  up  in  expanding 
[  adiabatically. 

7  Steam  with  a  ^uprrhcal  of  200  degrees  and  an  absolute  pressure  of  125 
IS,  per  sq  in.  mpands  at  constant  entropy  in  a  cylindcj-.  unril  its  pi^^ssuit 
as  been  reduced  80  per  cent.     How  much  work  has  been  arcomplisheili' 

So)  What  is  the  total  heat  of  the  steam  at  point  of  maximum  superheat? 
b)  Show  on  PV-  and  T«-ehaits. 

S.  If  the  steam  of  previous  problem  expands  further  to  15  lbs.  per  sq,  in.. 
i  find  qtiality  and  intrinsic  heat  at  end  of  the  expansion,     i.-    '  ,        ,■"    C 

J  9.  Steam  in  a  cylinder  at  a  pressure  of  15  lbs.  per  sq.  in,  abs.  and  a  quality 
I  of  90  per  cent  is  compressed  along  a  reversible  adiabatic  until  just  dry  and 
I  sliunited, 

(a)  What  arc  the  temperature,  pressure,  and  specific  volume  at  end  of  com- 
I  pres^inni* 

I  10.  Steam  at  an  absolute  pressure  of  175  lbs.  per  sq.  in.  is  conhned  in  a 
I  metal  cylinder.  Heat  is  abstracted  at  constant  volume  until  its  temperature 
I  becomes  210°  F.    The  steam  is  initially  ilry  and  saturated. 

(a)  Fina  the  quality  at  the  end  of  change. 

(t)  Find  the  amount  of  heat  abstracted  during  the  process. 

(c>  Show  on  PV-  and  T^-fields. 

11.  Supcrhi'-ated  steam  exists  in  a  cylinder  at  a  pressure  of  35  lbs,  per  sq. 
P  la.  aba.  and  a  icmperaturc  of  366°  F.  ~ 

(a)  Delennine  volume  of  steam  at  this  point. 

[b)  leuthcrmal  compression  occurs  until  the  steam  is  just  dry  and  saturated; 
I  bow  much  heat  has  been  abstracted?     Show  on  T«-chart. 

13.  Steam  at  a  pr«seutv  of  125  lbs.  per  sq.  in.  abs.  and  a  quality  ol  "0,4 
ler  cent  has  heat  abstmcied  at  constant  VDlume  until  the  pressure  beciimea 

I  IS  Iba.  ocr  sq.  in.  abs. 

'")  Find  quality  at  end  of  the  pronrss. 
]  Find  volume  at  beginning  antl  end  of  process. 
J  Find  inirinsic  heat  change  during  process. 
'    "  '    '  a  pressure  ol  t2o 

_._..,...    .,    -  ^ js  reduced  50  per 

[jtf  its  bitial  quality  was  O.I,  0,4,  0.6,  0.8,  i.o.     She 
nuts  on  T«-chart.     Tabulate  results. 

14.  lia  pound  of  dry  saturated  steam  under u  prewureiif  I; 
^Jb•^  la  couled  ai  constant  volume  to  u  tern jiera turf  < '  "  " 
K^Uklhy,  prcasurc  and  the  heat  removed.     Show  on  T^- 

15.  Steam  with  70  per  cent  qiiultiy  ix  henlnl  af  .1  ri 


I 
I 


of  I  JO  II 

$•1'  v.. 


764  HEAT-POWER  ENGINEERING 

lbs.  per  sq.  in.  abs.  until  it  becomes  just  dry  and  saturated.     More  heat  is  then 
added  isothermally  until  a  pressure  of  25  lbs.  per  sq.  in.  abs.  is  reached. 

(a)  Find  heat  added  during  both  processes. 

(6)  Find  intrinsic  heat  gained  during  each  operation. 

16.  If  a  p>ound  of  steam  with  quality  of  70  f>er  cent  and  pressure  of  20  lbs.  per 
sq.  in.  abs.  has  heat  removed  from  it  while  maintained  at  constant  volume, 
thereby  reducing  its  pressure  to  15  lbs.  per  sq.  in.  abs.,  find  its  final  quality 
and  the  heat  removed. 

17.  Dry  saturated  steam  having  a  pressure  of  165  lbs.  |>er  sq.  in.  abs.  has  heat 
abstracted  from  it  while  maintained  at  constant  volume  until  its  pressure 
becomes  25  lbs.  per  sq.  in  abs. 

(a)  Find  the  neat  abstracted. 

(b)  Find  the  final  quality  of  the  steam. 

(c)  Find  intrinsic  heat  change  during  process. 

18.  Fifteen  pounds  of  dry  saturated  steam  under  a  pressure  of  no  lbs./sq. 
in.  abs.  are  enclosed  in  a  metallic  tank,  and  this  tank  is  then  immersed  in 
1000  lbs.  of  water  at  a  temperature  of  60^*  F.  If  the  tank  is  left  in  the  cold  water 
until  the  pressure  within  has  reached  atmospheric  (147),  find  the  trmf)erature 
of  the  cold  water  and  the  quality  of  the  steam.  (Assume  the  tank  to  be  a 
perfect  conductor  and  that  there  are  no  heat  losses.) 

19.  Given  a  pound  of  steam  with  a  quality  of  80  per  cent  and  a  pressure  of 
100- lbs.  per  sq.  in.  abs.  Find  the  heat  required  ana  the  work  done  to  double 
its  volume  at  constant  pressure. 

20"  Suppose  a  pound  of  dry  saturated  steam  having  an  absolute  pressure  of 
150  lbs.  per  sq.  in.  expands  isothermally  until  its  volume  is  doublecf ;  find  the 
work  done,  heat  supplied  and  final  pressure. 

21.  Work  previous  problem,  starting  with  the  steam  having  a  quality  of 
45  per  cent. 

22.  Find  the  work  done  in  ft.-lbs.  in  superheating  one  pound  of  steam 
100  degrees  at  a  constant  pressure  of  68  lbs.  F>er  sq.  in.  abs.  Find  the  change 
in  the  intrinsic  energy  of  the  steam.  Find  the  change  in  volume  and  the  exter- 
nal work. 

23.  Suppose  one  pound  of  steam  under  an  abs.  pressure  of  100  lbs.  i  sq.  in. 
and  a  quality  of  90  per  cent  expands  along  reversible  adiabatic  to  a  pressure 
of  2  lbs./sq.  in.  abs.     Find  its  new  quality,  volume  and  the  work  done. 

24.  Suppose  the  steam  in  the  previous  problem  to  have  been  superheated 
200  degrees;   find  the  same  quantities. 

25.  Given  a  pound  of  steam  under  a  pressure  of  15  lbs./sq.  in.  abs.  and 
quality  of  50  per  cent.  If  heat  is  added  while  it  is  maintained  at  constant 
volume  until  its  quality  is  unity,  find  the  heat  required,  the  final  temperature 
and  the  pressure. 

CHAPTER  Xn. 

1.  An  engine  using  water  vapor  and  OF>crating  on  the  Carnot  cycle,  as  in 
Sect.^91.  between  the  pressure  limits  of  185  lbs.  and  25  lbs.  per  sq.  in.  begins 
adiabatic  expansion  at  80  per  cent  quality. 

(a)  Find  the  qualities  at  end  of  expansion  and  at  beginning  of  adiabatic 
compression. 

(6)  Find  the  work  accomplished  in  ft.-lbs. 

(c)  Find  the  efficiency  of  the  cycle  by  two  methods. 

(d)  Show  the  cycle  on  both  PV-  and  T^fields. 

2.  With  the  same  initial  temperature  and  the  same  back  pressure  as  in 
previous  problem,  suppose  adiabatic  expansion  to  start  from  a  point  in  the 
superheated  region  where  the  pressure  is  60  lbs.  per  sq.  in.     Cp  »  0.53. 

(a)  Determine  conditions  of  the  steam  at  the  end  of  the  adiabatic  expanaicML 

(b)  Find  the  work  accomplished  in  ft.-lbs. 

(c)  Find  the  efficiency  of  the  cycle. 

(d)  Show  the  cycle  on  both  PV-  and  T^-fields. 

3.  Given  the  initial  pressure  of  a  Carnot  Cycle  with  steam  as  workii 
stance  at  135  lbs.  per  sq.  in.  and  the  final  pressure  25  Ib^  per  sq.  m» 
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iaothcrmal  expansion  starts  with  water  and  the  steam  at  the  beginning  of 
adiabatic  expansion  is  just  dry  and  saturated. 

{a)  Find  the  heat  added  and  the  heat  rejected. 

lb)  Find  the  intrinsic  energy  at  the  beginning  and  end  of  each  line  of  the 
cycle. 

(c)  Find  the  efficiency  of  the  cycle. 

Id)  Show  on  T^-chart.      ^ 

4.  What  is  the  efficiency  of  the  Carnot  cycle  for  a  steam  engine  receiving 
dr>' saturated  steam  at  a  pressure  of  150  lbs.  per  s<i.  in.  abs.  and  exhausting  it 
at  a  pressure  of  15  lbs.  per  sq.  in.  abs. 

Show  on  the  PV-  ana  T^-charts. 

5.  If  the  exhaust  pressure  in  the  previous  problem  had  been  2  lbs.  per  sq. 
in.  abs.  what  would  have  been  the  erhciency? 

Show  on  PV-  and  T^charts. 

6.  If  the  engine  in  problem  4  exhausts  8000  B.t.u.  ]X'r  min.,  what  is  its 
power?  ^ 

7.  If  the  engine  in  problem  5  exhausts  8000  B.t.u.  {kt  min.,  what  is  its 
power? 

8.  The  adiabatic  expansion  of  a  Carnot  cycle  which  starts  with  liquid 
at  the  temperature  of  vaporization  begins  with  a  steam  pressure  uf  25  lbs.  per 
sq.  in.  abs.  and  a  temperature  of  344.4**  F. 

This  expansion  ends  when  a  tem|x.'rature  of  213^  F.  has  been  reached. 
Find  the  heat  supplied,  heat  rejected  and  the  efficiency  of  the  cycle.  ChcH:k 
the  efficiency  by  a  second  method. 

Show  on  T^-chart. 

9.  If  the  cycle  of  the  previous  problem  were  reversed,  and  we  were  to  use 
some  suitable  working  substance,  what  would  l)e  the  c<K:fficient  of  {>erform- 
ance  for  a  cooling  machine?     For  a  warming  machine? 

(Coef.  of  perf.  =  result  -^  expenditure.) 

Show  on  the  T^chart. 

ID.  An  engine  working  on  the  Carnot  cycle  transforms  Ii3.»;4  B.t.u. 
into  work  per  cycle.  If  the  temixTature  of  the  steam  initially  is  35«.5"  F. 
and  finally  250.3**  F*.,  find  the  initial  state  of  the  steam.  Show  on  the 
T^chart. 

11.  If  a  steam  engine,  working  on  the  Carnot  cycle  with  an  efficiency  of 
20  per  cent  requires  3000  lbs.  of  dry  satur.ited  sti'am  per  hour  the  jiressure 
being  100  lbs,  per  sq.  in.  abs.,  find  the  e.xhaust  pressure.  How  much  heat  does 
the  condenser  remove  per  hour?  What  is  the  horse  jxiwer  of  this  ideal  engine? 
Show  on  the  T^-chart. 

12.  If  a  trailer  supplies  dr>'  saturated  steam  with  a  pressure  of  150  11)>.  per 
aq.  in.  abs.  to  an  engine  operating  on  the  Carnot  cycle,  in  which  tlie  liack 
pressure  is  5  lbs.  |x.t  sq.  in.  abs.,  find  the  work  done,  the  heat  llow  for  each 
path,  the  net  work  of  the  cycle,  and  its  efficiency.  Show  on  Tp-  and  I*\'- 
charts.     Check  your  net  work  by  another  method. 

13.  Solve  previous  problem  starting  with  a  quality  of  90  per  cent. 

14.  An  engine  operates  on  the  Clausius  cycle  between  the  pressure  limits 
of  185  lbs.  per  sq.  in.  and  25  lbs.  per  sc}.  in.  Adiabatic  expansion  (K'curs  from 
a  temperature  of  575°  F.  Cp  =»  0.54.  (a)  Determine  the  total  heat  adtled 
^1.  (b)  [>etermine  the  total  heat  rejected  SQ*.  {c)  Determine  the  work 
acoomplished  during  adiabatic  ex{)ansion.     (c/)  Find  the  efficiency  <.>f  tin*  c>-cle. 

15.  Suppose  the  engine  of  the  pn'vious  problem  to  ofx^rate  on  the  K.inkine 
cycle  with  release  at  25  lbs.  per  sq.  in.  and  a  back  pressure  of  5  lbs.  per  x}.  in. 
aOB.  (a)  Dietermine  the  efficiency  of  this  cycle,  (h)  What  woiiM  be  the 
efficiency  of  a  Carnot  cycle  operating  between  the  same  temp,  limits. 

16.  Find  the  difference  in  the  heat  supplie<l,  heat  rejected,  work  done  and 
the  efficiency  of  a  Carnot  and  ("l.uisius  cycle  when  each  engine  receives  ilry 
■aturated  steam  having  an  abs.  pressure  of  no  lbs.  {xt  si\.  in.,  the  back  pres- 
sure being  20  lbs.  i)er  sq.  in.  abs. 

S^ow  on  the  PV-  and  T^charts. 
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17.  Find  the  heat  supplied,  heat  rejected,  work  done  and  the  efficiency  of 
an  engine  working  on  the  Clausius  cycle  receiving  steam  with  a  pressure  of 
140  lbs.  per  sq.  in.  abs.  and  150°  of  superheat,  if  the  exhaust  pressure  is  15  lbs. 
per  sq.  in.  abs. 

Show  the  PV-  and  T^-charts. 

18.  Find  the  heat  supplied,  heat  rejected,  work  done  and  efficiency  of  an 
engine  working  on  the  Kankine  cycle  in  which  the  initial  steam  pressure  is 
130  lbs.  per  s(\.  in.  abs.  with  150°  of  superheat:  and  the  temperature  at  the  end 
of  adiabatic  expansion  is  240.1°  F.  while  the  exhaust  pressure  is  15  lbs.  per  sq. 
in.  abs. 

Show  on  PV-  and  T^-charts.* 

19.  Given  a  feed  pump  cycle  (rectangular  PV-diagram)  working  between 
the  pressure  limits  of  135  lbs.  jxir  sf|.  in.  and  15  lbs.  per  sq.  in.  The  steam 
is  superheated  100°  F".  {Cp  ==  0.55.)  (a)  Find  the  volume  of  the  cylinder  re- 
quired.    (6)  Find  the  efficiency  of  the  cycle,     (r )  Show  on  P\'-  and  T^charts. 

20.  Find  the  heat  supplied,  heat  rejected  and  work  done  i)er  pound  and 
the  efficiency  of  a  feed  pump  cycle  in  which  the  heat  abstraction  begins  when 
the  steam  has  a  pressure  of  140  lbs.  i>er  sq.  in.  abs.,  and  50°  of  suf>erheat.  The 
constant  volume  change  ends  when  a  temperature  of  213°  F.  has  been  reached. 

21.  Supix>se  an  engine  working  on  the  Rankine  cycle  receives  dry  satu- 
rated steam  having  a  pressure  of  200  lbs.  {>er  sq.  in.  abs..  then  ex[)ands  it  until 
its  pressure  dropsoo  per  cent.     The  condenser  pressure  is  4  lbs.  per  sq.  in.  abs. 

(a)  Find  the  efficiency  of  the  cycle. 

{b)  If  the  engine  requires  }  of  a  pound  of  steam  per  cycle  find  the  volume 
of  the  cylinder  necessary  for  this  ideal  cycle. 

(r)  With  the  same  data  as  in  (6)  find  the  horse  p>ower  if  the  engine  runs  300 
cycles  per  min. 

.  (J)  Plot  the  PV-  and  T^-charts  for  this  cycle  estimating  distances  as  closely 
as  jK)ssible. 

(e)  What  is  the  horse  i>owor  per  cu.  ft.  of  piston  displacement? 

22.  With  the  same  initial  steam  and  the  same  back  pressure  as  in  previous 
problem,  find  the  siimc  (luuntitics  for  the  Clausius  cycle. 

23.  With  the  same  initial  steam  and  the  same  back  pressure  as  in  21 
find  the  same  quantities  for  the  cycle  in  which  there  is  no  expansion  of  the 
steam. 

CHAPTER  Xm. 

1.  How  much  heat  is  transformed  into  work  by  an  engine  delivering  xoo 
h.p.  for  24  hrs.? 

2.  Find  the  i.h.p.  of  a  lo-in.  by  12-in.  engine,  double  acting,  running  200 
rev.  per  min.  when  the  m.e.p.  from  the  indicator  diagram  is  30  lbs.  per  sq.  in. 

3.  Supi)ose  the  engine  of  the  previous  problem  had  ^iven  an  indicator 
diagram,  having  an  area  of  2.7  sq.  in.,  and  a  length  of  3  m.  If  the  scale  of 
the  si)ring  used  in  the  indicator  had  been  50  lbs.  per  in.,  find  the  i.h.p. 

4.  An  engine  18  in.  by  24  in.,  double  acting,  running  150  rev.  per  min. 
delivers  100  b.h.p.  If  the  indicator  diagram  gives  a  m.e.p.  of  25  lbs.  per  sq. 
in.,  find  its  mechanical  efficiency,  and  the  friction  horse  f)ower. 

5.  Suppose  the  s^ime  engine,  running  at  the  same  speed  as  in  the  previous 
problem,  has  its  back  pressure  reduced  12  lbs.  per  sq.  in.  by  means  of  a  con- 
denser thereby  increasing  the  m.e.p.  to  36  lbs.  per  sq.  in.  Find  its  i.h.p., 
b.h.p.  and  mechanical  efficiency,  assuming  the  same  friction  horse  power  at 
in  the  j)ri.'vious  problem. 

The  addition  of  a  condenser  to  this  engine  increased  its  power  output  by 
what  per  cent? 

6.  A  certain  engine  working  on  the  Rankine  cycle  uses  20  lbs.  of  steam 
[)er  i.h.p.  hr.  If  the  steam  has  an  abs.  pressure  of  150  lbs.  per  sq.  in.  and  a 
temp,  of  458.5°  while  the  exhaust  pressure  is  4  lbs.  per  sq.  in.  abs.,  find  the 
heat  supplie<l  ixt  i.h.p.  min.  and  the  thermal  emciency  on  i.h.p. 

7.  If  the  engine  of  the  previous  problem  has  a  mechanical  efficiency  of 
90  per  cent,  what  is  the  thermal  efficiency  on  b.h.p.? 

*  The  Ellen  wood  Chart  may  be  used  in  probs.  18-23. 
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k.  Suppose  an  engine  in  which  the  mechanical  efficiency  is  85  percMH  re- 
uires  3000  lbs.  of  sleam  per  hr,  wben  delivering  too  h.p.  It  the  steam  has  a 
rcssurc  of  ISO  lbs.  per  sq.  in.  abs.,  and  a  quality  of  98  per  cent.  Und  the  beat 
quimlper  b.h.p.  min..  and  the  thermal  efficiency  on  ihe  i.h.p.  aod  en  tfac 
[B.p.  The  engine  is  working  on  the  Rankine  cycle,  and  has  a  back  presstav 
3  llis.  per  f^.  in.  abs. 

9.  With  the  same  engine  delivering  the  same  pxiwer  aa  in  the  p(e\-iouj 
vbtetn.  find  the  same  quantities  if  the  steam  required  is  24(0  tbs.  per  kr~. 
C  steam  having  a  pressure  of  150  lbs.  per  sq.  in.  abs.  and  100  dcgrres  ot 

10,  If  a  Diesel  en^ne  delivers  750  h.p.  hrs.  per  bbl.  of  crude  oil,  find  its 
lermat  efficiency  on  D.h.p.  A  barrel  of  oil  contains  336  lbs.  and  the  calorihc 
i!ue  of  this  oil  is  18,^00  B.t.u.  per  lb. 

t*  air  compressor,  while  running  300  r.p.m.  gives  an  indi- 
llor  card  having  an  area  of  2.7  sq.  in.  for  the  head  end,  and  3  sq.  in.  for  the 
nk  end.  The  length  of  each  card  if  3  in.  Scale  of  the  spring  is  60  lb&.  pec 
The  piston  rod  la  li  in.  in  diamcier.  Find  the  i.h.p. 
'12.  A  Diesel  engine  uses  4  bLl.  of  crude  oil  per  day  of  34  hrs.  (1  bbl.  ■> 
<  ^  lbs.)  The  heating  value  of  the  oil  is  18.000  B.t.u.  per  lb.  If  the  me- 
lanicaJ  efficiency  is  73  per  cent  and  the  thermal  efficiency  on  b.h.fi.  is  88,3 
It  find  the  i.h.p.,  b.h.p.  and  oil  used  per  b.h.p.  hr.  for  this  engine. 

13.  A  iJjOOO-h.p.  steam  turbine  requires  12.3  lbs.  of  sleam  per  h.p.  hr., 
*•■■' ""Vine  steam  having  loo°  of  superheat  and  a  pressure  of  190  lbs.  per 

The  vacuum  is  28  in.,  and  the  barometer  stands  at  30  in. 
.  (fl)  Find  the  cycle  efficiency  (or  this  turbine  assuming  it  to  operate  on  the 
bualus  Cycle.     (6)  Find  the  delivered  thermal  efficiency,     (c)  What  portion 
the  theorr.tical  work  of  the  cycle  is  actually  delivered  by  the  turbine? 

14.  With  the  same  data  as  in  the  previous  problem,  find  the  actual  amount 
'  heat  lost  per  min.  in  this  turbine,  in  excess  of  that  rejected  by  the  ideal 
Rbine  operating  under  the  same  conditions. 

A  certain  steam  engine  rated  at  500  h.p.  gives  a  total  consumpiioii 
•  wnirh  is  a  straight  Une.  The  total  consumption  at  i  of  rated  toad  is 
lyi  lbs.  of  steam  per  hour  while  that  at  rated  load  is  14,000  lbs.  per  hour. 
lot  the  total  consumption  and  the  water  rate  curves  for  this  engine  between 
vo  and  rated  curves. 

CHAPTER  XIV. 

.  Find  the  work  done  (in  B.t.u.).  the  cycle  efficiency  and  the  water  rale 
:  an  ideal  turbine  operating  on  the  Clauslus  cycle  with  tteam  at  a  pressure 

KRw,  per  sq,  in.  abs.  and  100°  of  superheat,  while  the  back  prcs.sure  is 
per  iq.  ir.  abs. 
3.  Solve  problem  I  usinp  a  back  pressure  of  i  lb.  per  sq.  in.  abs.     By  what 
tr  OiBt  was  the  power  of  this  ideal  turbine  increased  by  exhausting  into  a 


4 


e  pressure  but  having  a  quality 
o  the  effect  ol  super. 


.  Solve  problem  t  usinc  steam  of  the  san 
unit)'  at  ihr  bt-ginning  of  odiabatic  expans 
,    Dix'U'w  ihc  ie;.ults  of  the  preceding  problem 
t  urn!  vji-iiLitti  on  the  jfleal  water  rates. 
.    FinrI  -hr-  tji  1  n'nrfc  nf  the  cycle,  the  cycle  efficiency,  and  the  theoretical 

•   ■ '      ■   '■'■■'  — ■ ''iv  working  on  the  Carnot  cycle,  for  which  the 

,inr!  the  lower  Is  193.3*'.     The  pressure  at  the 
,  .1  iision  is  35  Ibv.  per  sq.  in.  afis. 
:lim.  with  all  the  conditions  as  above,  eiicept 
iiiii),:  of  adiaballc  expansion  is  dry  and  saturated 

.  Uivcn  ad  mission  pressure  =  tjo  lbs.  per  sq.  in.  abs.,  D  =  icx)°,  release 

_!■.  -•  35  lb>>-  (KT  M|,  in.  aba.,  and  bitck  press,  ~  15  lbs.  per  sq.  in.  abs..  find 

B  ihcocctic:!)  work   iif  the  cycle,  the  cycle  efficiency,  and   (lie   theoretical 

r  rate,  u(  an  engine  operating  on  the  Kankrne  c>'cle- 

■  Stdve  probtero  7  when  the  engine  receives  dr>-  saturated  si 
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9.  Suppose  an  engine  is  working  on  the  feed  pump  cycle,  receiving  steam 
'    with  an  abs.  press,  of  130  lbs.  per  sq.  in.  and  100°  of  superheat.     Find  the 

cycle  efficiency,  the  theoretical  water  rate  and  the  actual  water  per  i.h.p.  hr. 
it  pie  indicated  thermal  efficiency  is  3  per  cent  and  hack  pressure  is  15  lbs. 

10.  Solve  problem  9,  using  dry  saturated  steam. 

11.  An  engine  is  working  on  the  Rankine  cycle  at  a  pressure  of  130  lbs. 
per  sq.  in.  abs.  and  superheated  100°;  release  occurs  at  a  pressure  of  25  lbs. 
per  sq.  in.  abs.;  back  pressure  is  15  lbs.  per  sq.  in.  abs.  Find  the  theoretical 
water  rate  and  the  cycle  efficiency.  Find  the  actual  steam  used  per  b.h.p.  hr. 
and  the  delivered  thermal  efficiency  if  this  engine  requires  30,000  lbs.  of 
steam  per  day  of  10  hrs.  when  delivering  100  h.p. 

12.  Given  dry  saturatcxl  steam  having  a  temperature  of  327.8**,  and  an 
exhaust  temperature  of  213°,  find  the  net  work  of  the  cycle,  the  cycle  effi- 
ciency, and  the  theoretical  water  rate  of  an  engine  working  on  the  Camot 
cycle. 

13.  Solve  proWem  12  for  the  Clausius  cycle. 

14.  Solve  problem  12  for  the  Rankine  cyrle,  assuming  release  to  occur 
when  a  temperature  of  240.1°  has  been  reache<l. 

15.  Solve  problem  12  for  the  feed  pump  cycle. 

16.  Start inp[  with  the  same  A  Qi  and  working  between  the  same  tempera- 
ture limits  as  m  sroblem  12,  find  the  net  work  of  the  cycle,  the  cycle  effiaency 
and  the  theoretioail  water  rate  of  an  engine  working  on  the  Clausius  cycle. 

17.  Solve  problem  16  for  the  Rankine  cycle,  the  release  temperature  being 
240.1°. 

18.  Solve  problem  16  for  the  feed  pump  cycle. 

CHAPTER  XV. 

1.  An  engine  has  a  piston  displacement  of  0.2  cu.  ft.  If  its  clearance  is 
10  per  cent,  and  release  takes  place  at  95  per  cent  of  the  stroke,  find  the 
weight  of  steam  in  theVylinder  at  release,  the  quality  then  being  70  per  cent 
and  the  pressure  25  IbsXpcr  sq.  in.  abs. 

2.  Find  the  quality  ol  steam  at  cut  off  in  a  cylinder  in  which  the  piston 
displacement  is  0.1278  ca.  ft.,  clearance  10  per  cent,  cut  off  25  per  cent,  steam 
pressure  at  cut  off  115  lbs.  per  sq.  in.  abs.,  and  the  weight  of  steam  in  the 
cylinder  at  cut  off  0.012  lbs. 

3.  Determine  the  quality  or  degree  of  superheat  of  the  steam  in  an  engine 
cylinder  at  cut  off,  its  pressure  then  being  125  lbs.  per  sq.  in.  abs.  and  itsiiT^ 
0.013  lbs.  The  piston  displacement  is  0.13  cu.  ft.,  clearance  10  per  cent,  aiod 
the  cut  off  takes  place  at  30  per  cent  of  the  stroke. 

4.  Find  the  weight  of  cushion  steam  in  a  6'  X  8'  engine  in  which  clearance 
is  15  per  cent;  compression  begins  at  15  per  cent  of  the  stroke;  the  back 
pressure  is  14.7  lbs.  per  sq.  in.  abs.,  and  the  quality  of  the  cushion  steam  at 
the  bef;inning  of  compression  is  95  per  cent.  Find  the  pressure  and  theqoal* 
ity  at  the  end  of  this  compression,  assuming  it  to  be  adiabatic. 

5.  Suppose  the  compression  in  the  previous  problem  is  not  adiabatic,  ImI 
is  such  that  the  compression  pressure  is  30  lbs.  per  sq.  in.  abs.,  find  the  qatSkf 
of  the  cushion  steam  at  the  end  of  the  stroke. 

6.  An  8'  X  10'  engine  running  300  r.p.m.  double  acting,  with  cut  of 
taking  place  at  15  per  cent  of  the  stroke,  and  at  a  pressure  of  120  lbs.  peri^ 
in.  abs.,  requires  35  lbs.  of  steam  per  i.h.p.  hr.  The  compression  begipstf 
40  per  cent  of  the  stroke  with  a  quality  of  unity  and  a  back  pressure  of  Slfafc 
per  sq.  in.  abs.     Clearance  =  10  per  cent. 

If  this  engine  delivers  27  h.p.  and  has  a  mechanical  efficiency  of  90  percxi^ 
{a)  Find  the  quality  of  steam  at  cut  off. 

{b)  If  the  quality  of  the  steam  at  the  throttle  is  unity  and  "wire  dixwaf 
amounts  to  5  pounds,  find  the  delivered  thermal  efficiency. 

7.  For  the  previous  problem,  assume  release  to  occur  at  90  per  cent  of  tk 
stroke,  with  an  abs.  pressure  of  30  lbs.  ix?r  scj.  in.  What  is  the  quality  at  # 
point? 


% 


die  expansion  line  iai  problem  6  to  follow  the  law.  PV  = 

E[iiJ  Find  (he  qualily  at  ig,  ao.  30.  40.  go.  65  and  90  per  cent  of  the  stroke. 

I^butatc  results.) 

fib)  Draw  the  qualily  curve  for  this  expansion. 

I  9<   Suppose  the  engine  in  problem  6  had  received  steam  with  sufficient 

■iperheat  to  cause  the  qualily  at  cut  off  to  be  88  per  cent,  and  that  by  means 

V  s  Bieam  jacket  the  expansion  line  is  made  to  follow  the  law,  PV'"*  =  const. 


il  the  conditi 


t  of  the  SI 


n  at  release,  which  occurs  at  90  per  cent  of  the 


a  throttling  calorimeter  shows  a  temp,  of  233°, 
.  of  mercury:  and  thu  barometer  stands  at  39.93. 
n  entering  ihc  calorimeiLT  if  its  pressure  is  110.3 


■  10.   The  thermometer  in 
le  manometer  reads  073  Ir 

ud  the  quality  of  the  stea 

^  per  sq.  in.  gauge. 

•11.  Supposing  rhat  the  thermometer  in  the  above  calorimeter  had  read 
J3°,  all  other  readings  being  the  same,  what  would  be  Ihe  quality?  Discuss. 
1 12.  If  by  connecting  to  a  condenser  we  may  reduce  the  calorimeter  pressure 
nitil  the  mercury  manometer  indicates  15.02  in.  below  atmosphere,  find  the 

iality  of  the  steam  below  which  the  instrument  could  not  be  used  with 
■Mm  ptvssure  and  atmospheric  pressure  the  same  as  in  problem  to, 
[13.    What  pressure  would  you  have  to  maintain  in  the  calorimeter,  in  order 

■  measure qualily  as  low  as  93  percent,  the  steam  pressure  being  100  lbs,  per 
^.  in.  ftbs.  and  thedegree  of  superheat  in  the  calorimeter  to  be  not  less  than  5'. 


CHAPTER   XVI. 


1  cylinders  which 


N  -  r.p.n 


lal  cyl.  surface  in  ag.  ft 


nominal  cyl.  vol,  i 
34   ,  48  j  where  d  =  diam,  of  cyl.  in  inches. 
I        d  (and  !  =  length  of  stroke  in  inches. 
P  ~  ibs.  press,  in  lb.  per  sq.  in.  at  point  "a." 
total  vol.  up  to  point  "a" 
piston  diapl, 

^  J"/  ^  *  special  temperature  function  of  the  pre9surc  and  ia  obtained  from 
e  following  tabic  by  taking  the  difference  between  the  values  of  K  corre- 
"    """g  to  the  highest  and  the  lowest  pressures  occurring  in  the  engine. 
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1.  Find  the  quality  at  cut  off  by  Heck's  formula  for  the  intermediate  cyl- 
inder of  a  triple  exp>ansion  engine  having  a  diam.  of  lo  in.  and  a  stroke  of  6  in., 
the  speed  being  402  r.p.m.,  cut-off  press.,  112.2;  admission  press.,  130;  and 
back  press.,  51  lbs.  per  sq.  in.  abs.;  clearance,  10  per  cent;  cut  oflF,  36.2  percent. 
By  test  it  was  found  that  the  actual  quality  at  cut  off  was  85.7  per  cent;  find 
the  per  cent  error  by  computing  with  the  above  formula. 

2.  A  17'  X  24'  engine  running  72  r.p.m.  gives  a  card  which  shows  the 
adm.  press,  to  be  133  lbs.;  exhaust  press.,  16.2;  cut  off,  98.8  lbs.  per  sq.  in.  abs. 
Cut  off  occurs  at  18.6  per  cent  stroke  and  clearance  is  9.9  per  cent.     Find  the 

Suality  at  cut  off  by  Fleck's  formula.and  find  the  per  cent  error  if  test  shows 
lie  actual  quality  to  be  72.9  per  cent. 

3.  An  8'  X  10'  engine  running  320  r.p.m.  has  cut  off  at  12  per  cent  with 
a  pressure  of  140;  admission  press,  is  145,  and  back  press.  4  Ids.  per  sq.  in. 
abs.;  clearance  is  10  per  cent.  If  a  test  shows  the  quality  at  cut  off  to  be 
59  per  cent,  find  the  per  cent  error  in  result  obtained  by  Heck's  formula. 

4.  A  certain  engine  requires  18  lbs.  of  steam  per  i.h.p.  hour  when  using 
dry  saturated  steam,  but  when  the  steam  is  superheated  340"  it  requires  only 
II  lbs.  per  i.h.p.  hour. 

The  admission  pressure  is  150  lbs.  per  sq.  in.  abs.  and  the  back  pressure  is 
I  lb.  in  each  case.     Find: 

(a)  The  F>er  cent  saving  in  steam  required  when  superheat  is  used. 

(b)  The  p>er  cent  saving  in  heat  required  when  superheat  is  used. 

(c)  The  per  cent  saving  in  steam  required  for  ideal  Clausius  cycle  when 
sup>erheat  is  used. 

(d)  The  per  cent  saving  in  heat  required  for  ideal  Clausius  cycle  when 
superheat  is  used. 

{e)  The  difference  in  the  saving  in  heat  required  for  the  actual  and  the 
ideal  engine.     This  difference  is  due  mainly  to  what? 

5.  An  engine  is  supplied  with  dry  saturated  steam  having  an  abs.  pressure 
of  150  lbs.  per  sq.  in. 

Back  pressure  is  5  lbs.  per  sq.  in.  abs.,  the  exhaust  steam  being  liquified  in 
a  surface  condenser. 

When  running  without  a  steam  jacket,  the  engine  requires  20  lbs.  of  steam 
per  i.h.p.  hr. 

When  running  with  a  jacket,  it  was  found  the  engine  required  18  lbs.  per 
i.h.p.  hr.  for  the  cylinder,  and  2  lbs.  per  i.h.p.  for  the  jacket. 

Supposing  there  is  no  loss  of  heat  in  returning  the  condensate  from  the 
jacket,  or  from  the  condenser  to  the  boiler,  and  that  the  jacket  pressure  is 
maintained  at  150  lbs.  f>er  sq.  in.  abs., 

(a)  Find  the  heat  required  by  the  engine  per  i.h.p.  hr.  for  each  of  the  above 
cases. 

(6)  Find  the  ind.  thermal  efficiency  for  each  of  the  above  cases. 

(c)  Find  the  per  cent  saving  in  heat  required  per  i.h.p.  due  to  jacketing. 

6.  An  engine  running  without  a  steam  jacket  requires  15.5  lbs.  of  steam  per 
i.h.p.  hr.,  and  when  running  with  the  steam  jacket  requires  a  total  of  14  lbs. 
per  i.h.p.  hr.     The  steam  required  by  the  jacket  is  18  per  cent  of  the  total. 

The  admission  press,  and  jacket  press,  are  both  165  lbs.  per  sq.  in.  abs.; 
the  bteam  admitted  to  them  has  a  quality  of  unity. 

In  each  case  the  condensate  ircfm  the  condenser  is  returned  to  the  boiler 
at  a  temp,  of  202**  F.,  but  the  condensate  from  the  steam  jacket  is  delivered 
to  the  boiler  at  a  temp,  of  302**.  Neglecting  all  leakage:  (a)  Find  the  heat 
supplied  by  the  boiler  p>er  i.h.p.  hr.  for  each  of  the  above  cases,  (b)  Find  the 
per  cent  saving  in  heat  required  due  to  jacketing. 

CHAPTER  XIX. 

I.  (a)  Lay  out  a  symmetrical  valve  seat,  with  width  of  exhaust  cavity 
5  ins.,  of  metal  between  exhaust  cavity  and  port  li  ins.,  and  of  ports  i  J  ins. 
(6)  Draw  in  its  central  position  an  external  valve  having  steam  and  exhaust 
Laps  respectively  li  ins.  and  (negative)  i  in.  for  the  head  end,  and  li  ins.  and 


PROBLEMS 

iffMitlve)  i  In.  for  (he  crank  end;  thickness  of  meial  I  in.     Dinic:nsi< 
[  label  compli'Wly. 

,   Same  as  problem  l,  except  for  an  internal  i-alve. 

„,  Construct  a  rectangular  diagram  of  valve  diaplacements  for  a  valve 
I  having  [he  dimensions  given  in  problem  I,  the  angle  of  advance  being  3ii° 
l-  knd  throw  aj  ins.,  (a)  for  the  H,E,;    (ft)  for  the  C.H. 

4.   fiame  aa  problem  3.  but  for  polar  diagram  of  valve  displacements. 

3.  With  data  of  problems  i  and  3,  construct  the  Sweet  diagram  tor  hotll  , 
s  of  valve  and  show;  (a)  the  crank  and  piston  positions  for  all  the  events;  J 
r  (£)  ihcangles  of  rotation  of  crank  and  eccentric  foreach  of  the  periods;  ((}  [he  j 
t  iDaximum  openings  to  steam  and  exhaust;  (d)  the  lead,  (tfj  Construct  ail  I 
L  elliptical  diagram  from  the  Sweet  diagram. 

6,  Same  as  problem  5,  except  for  Zeuner  diagram, 

7,  Same  as  problem  5,  except  for  Bilgram  diagram. 

8,  Given  cut-off  J  stroke,  the  amount  of  lead  J  in.,  the  maximum  width  of 
I  opening  of  the  steam  edge  of  the  valve  ij  ins,,  release  95  per  cent  oC  srroke 
J  for  H.E.  and  90  per  cent  tor  C.E.  Determine,  for  both  ends,  the  value  of 
[   (a)  the  angle  of  advance,  (A)  throw,  (c)  steam  lap,  (d)  e.thaust  lap,  and  (t) 

crank  and  piston  positions  for  each  event, 

.    In  problems  5  lo  8,  find  the  true  positions  of  the  piston  in  its  stroke  tor 
li  crank  position  found,  the  length  of  connecting  rod  being  b  times  the 
L  length  of  crank.     Let  the  eccentric  drcle  represent  the  crank  circle. 

~     A  swinging  eccentric  is  pivoted  diametrically  opposite  the  crank  at  a 
«  of  8  ms.  from  the  shaft  center;    the  distance  from  pivot  to  eccentric 
is  6i  ins.,  the  largest  throw  of  the  eccentric  is  Jj  ins.,  the  steam  lap  is 
■  t  ins.  and  the  exhaust  lap  is  )  in.     (a)  Draw  the  path  of  the  swinging  eccen- 
tric MB  in  Fig.  160.     Locate  three  eccentric  positions,  and  get  the  throws  and 
I  angles  of  advance,     (b)   Draw  the  H.E.  Bilgram  diagram  and  show  the  corre-^ 
I  sponding  positions  of  the  steam  and  exhaust  lap  circles,     (t)  Determine  the 
ositions  of  the  crank  for  all  events. 

,   Ijame  as  problem  10,  but  using  the  Sweet  diagram. 
.  Same  as  problem  to,  but  using  the  Zeunbr  diagram. 
_,    Iniep&Hdtnt  cut-off  gear,     (a)   Draw  the  Bilgram  diagram  for  the  main 
Bvalve  to  Kive  release  90  per  cent  and  compression  H5  per  cent  of  stroke,  lead 
l(  in.,  ana  maximum  steam  opening  i|  ins.     (ft)  With  same  eccentric  throw, 
"  ■  '       "  ■"'      '  '        '  '  "■    ■         ■'      ■         '    '  a  lor  a  cut-off  valve 


ffTe 


each  cut-off.     (if)   Plot  a  diagram  of  openings  similar  to 


I  dead   ._. 
1  Fig.  171. 

14.  Meyer   Valve  Gear,     (o)  Data  same  as  in  problem  13  (0)  for  main 

ralve.     (6)  With  throw  of  cut-off  eccentric  3  ins,  and  angle  of  advance  90°, 
I  construct  the  Bilgram  diagram  and  draw  the  lap  circles  lor  the  cut-off  valve 

:o  give  cut-off  at  o,  J,  I,  and  J  strokes.     Ic)  Show  the  positions  of  the  cccen- 

:rics  with  respect  to  the  crank  (on  H.E.  dead  center). 

CHAPTER   XX. 

Note.  —  In  the  following  problems  h  is  as.sunied  thai  the  engine  is  double 
t  acting  unless  otherwise  stated, 

I       1.    It  is  desired  10  build  a  simple  engine  to  give  75  i.h,p.  under  the  (olluwing 
I  CORdiliotta: 

Cut  off  at  30  per  cent. 
Clearance  =  10  per  cent, 
Stenni  press.  •  140  lbs.  per  sc],  in,  at 
Back  prefs,  -  a  lbs.  per  sq.  in.  abs. 
R.P.M.  =  WK>. 
If  the  diagram  factor  for  this  type  of  engine  is  0.9  find  ai/c  of  cylinder. 
».   SuppoM^  it  is  desired  to  build   an   engine  to  give  50  i.h.p.,  i 
L  following  conditioins:   Cut  off  25  per  cent;  Cli^rancc  u  pet  cen) 
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press.  =  150  lbs.  per  sq.  in.  abs.;  Piston  speed  =  400  ft.  per  min.;  Back  press. 
«  l()  lbs.  per  8(|.  in  abs.  If  the  diagram  factor  for  this  type  of  engine  is  85 
per  cent,  hnd  the  diameter  of  the  cylinder  and  select  stroke  and  r.p.m. 

3.  SupiM)sing  that  the  engine  in  problem  I  has  cut  oflFs  occuring  from  10 
to  50  per  cent  of  stroke,  find  the  i.h.p.  for  these  extremes. 

4.  Given  an  engine  18'  X  24'  running  120  r.p.m.  Back  press.  =  2  lbs.  per 
sq.  in.  abs;  Cleanince  «  10  per  cent;  Cut  off  =  40  per  cent ;  Diagram  factor 
=  85  per  cent.  Supposing  the  cut  off  to  remain  constant,  find  the  i.h.p. *s 
corresix)nding  to  steam  pressures  of  50,  90  and  130  lbs.  per  sq.  in.  abs. 

5.  Find  the  weight  of  dr\-  steam  which  must  be  supplied  per  i.h.p.  hour 
for  each  case  of  problem  4.  assuming  the  quality  at  cut  off  to  Be  80  per  cent. 
Assume  compression  pressure  to  be  30  lbs.  abs.  and  that  the  steam  Is  dr>'  and 
saturated  at  the  end  of  compression. 

6.  A  compound  engine  is  to  give  600  i.h.p.  when  using  steam  having  an 
abs.  pri^ss.  of  150  ll>s.  per  sq.  in.  and  having  a  back  press,  of  2  lbs.  per  sq.  in.  abs. 
If  the  cylinder  ratio  is  to  be  4  and  the  total  ratio  of  expansion  12,  find  the 
size  of  cylinders.  The  piston  speed  is  to  be  750  ft.  per  min.  and  the  engine 
is  to  run  1^0  r.p.m.     Take  diagram  factor  as  0.8. 

7.  An  8  X  16'  X  12'  engine  has  cut  off  in  the  high  press,  cylinder  at  | 
stroke,  the  admission  pressure  is  150  lbs.  per  sq.  in.  abs.  and  the  back  pressure 
is  2  U>s.  per  si|.  in.  abs.  Assuming  the  expansion  line  to  be  hyperbolic,  receiver 
drop  and  clearance  to  l)e  zero,  and  no  initial  superheat,  find:  (ai  The  total 
ratio  of  ex(>ansion.  (b)'  The  receix-er  pressure,  (r)  The  point  of  cut  off  in 
the  low  pressure  cylinder,  {d)  The  temperature  range  in  each  cylinder, 
(r^  The  jx>rtion  of  the  work  done  by  each  c>'linder.  (/)  The  maximum  force 
exert tni  on  each  piston  n.Kl. 

Sketch  the  P\'-diagrani  for  this  expansion  marking  the  pressure  at  the  end 
of  the  ex{xinsion  in  each  cylinder,  and  the  volume  in  terms  of  the  volume  at 
cut  off  in  the  high  pressure  cylinder. 

8.  Assume  the  cut  t»ff  in  the  high  pressure  cylinder  of  the  abo\*e  engine 
is  now  made  to  ixvur  at  •  stroke,  all  other  conditions  remaining  the  same, 
find  the  s»inie  i)uaiititios  as  calleil  lor  alx>ve. 

g.  .-\>siimi'  the  aUno  engine  is  now  made  to  cut  off  at  J  stroke  in  the 
hijih  pn-s>ure  cylinder  an«i  at  37}  per  cent  stroke  in  the  low.  thus  causing  a 
rtveivor  dn»p.  find  this  dn»p  and  all  the  «juantitii*s  called  for  above. 

10.  With  the  data  i^i  iho  previous  problem  find  what  portion  of  the  total 
thtvreiical  work  was  lost  by  the  n.voi\or  drop. 

11.  With  the  re>iilt  of  the  previous  problem  sol\-e  for  the  constant  " K" 
usi'vi  in  i\iuati^»n  ru,;  o\  tht*  text.  Then  with  this  value  of  K  find  the  total 
m.e.p.  reiiTred  !•>  the  low  pressure  cylinder.  Does  this  check  results  already 
obtained  ironi  problem  9? 

CHAPTER   XXn. 

I.  I V:or:r.::'.c  :he  am-^-jiit  ■»!  w  -rk  ThtorerivMl'y  obtainable  mith  a  Turbine 
jxr  :v».:  •..:  ■«:  ?:i'.i:r.  a*'.:v.itte».:  .i:  a  :ct>"urc  .-':  ly*  r:>s.  per  n\.  in.  and  s'jjier- 
Ium:*--:  1  ^'  ■\j;'i\s  ,1".  i  exp^iv.  i^.--:  :  >  .1  -:>-ir.^-h  vacuum,  J  by  caiculatioa. 
■. p     ':•>  ::-.i .;■.•.>    ■■.  :nv    lo-.'har-.  .1::.:    .     *>  rv.t.iV*  •  !  the  Mollier  Chan.* 

r.    S.-v.v  ..-  ;  r     ■  :v  1  i  \     ;••-.■.:  :hv  v\h.i  >:  y-r^-^-jre  is  atm«:*>phcr:c. 

;     Pt  ".i  r'-.L-.'A  :.-.v  .;■:-.   ..■.:    ■:  \k  .  rk  :h<.--r».:i.-i".!>-    ■irainabk-  ^ith  a  turrine 

!"  7  ;-.:■'.:    '"    "r.   >.v*  .,:..v  ■".   •«:;-•.:".  .-.:  .t  :rt'.-.:rv     :    150  !l^.  per  f*::.  in.  and 
.^ ".,...• _   .   ■«^_ ,        .  ..-., 


r'  -."^  •. "'.  ;   -.  \..;.  :  :r..i:  :r.-.  •. \r:.i.:>;  prt^sure  is  ainj*>spher>:. 


•^  :  i  -.;rvv  -■■'.  'A-.-j;  :  "t  \  .iT\.r.:::\  :r.  :h-.  .1-::  ■.:-:  .•:"  work  obta;r»ab 'r  ptr 
:^-..  .  •-■..."•  ..>^  .::  ..  : ..ri  '.:*.-.  wijh  initial  :  .-r. !:::  .'r.*  vjirxinr  ir>m  dT\  and 
•vi :.■.•..:  ". ~5      ?    ;.>.r  >:    :~.  pres«*urt  :.  a  ^jixThta"  c-:'  i^odegret^  abo\"e 

:.-.i'  :.  ::;.-..■...-.     '  ^.■.:r..::  -.  :r.e  :::rr';"v  -:\r..-.-:?:;n^  ir.: .•>  a  2>-iocn  vacuua 

V    :*    :  ,i     .1". I.  >!-,.»•>.*;  '.r.c  variatifn  in  the  imoun:  'M  work  obtaioable 
:*(r  \-y-\  i  .:  ?:La:::  u?<vl  :::  a  *.uri:ne  niih  inxiial  conditioos  coiut;uit  al  150 

•   i    B\  :he  Ellen wodi  Chart 


PROBLEMS 

Buperfaeat  and  175  'bs.  per  sq.  in.  pressure  but  with  cxhAuX  cond 
tioRs  varying  from  atmoapheric  pressure  to  a  vacuum  at  39  iitcho. 

7.  Determine  the  theoretical  watiT  rate  of  a  lurliinc  o|ivnitJn|{  under  ll 
conditions  specified  in  prublem  I. 

8.  Determine  the  theoretical  water  rate  a(  a  turbint^  otienling  iindrr  tl 
tornditions  specified  in  prublem  3, 

9.  Determine  the  theoretical  water  rate  of  a  turbine  upvr.tiini;  uiidrr  i. 
conditions  spccitinl  in  problem  3, 

la    Determine  the  tneoretical  water  rate  of  a  turbine  oiMTrtiinK  under  ll 
conditions  speciRed  in  problem  4. 
-       II.   The  over-all  efficiency  of  a  certain  lurbu-|^L-ncrrtlor  unit  in  (1.67  v 
receiving  steam  at  a  pressure  of  175  lbs.  per  s<),  in.  superheated  !«  u 
and  exhausting  to  a  28.5-inch  vacuum.     What  is  the  water  rate  of^lh 
perk.w.  hour? 

II.  If  the  generator  efficiency  for  the  unit  in  prtiblem  11  l>c  94  per  cotlU 
what  is  the  water  rate  of  the  turbine  pur  d.h.p.  hour? 

13.  Find  the  B.t.u.  supplied  pier  kw.  minute  (or  the  unit  dcKiibod  I 
prwiem  II.     (On  basis  ol  ideal  teed-water  temperature^} 

14,  Find  the  thermal  efficiency  of  the  unit  described  in  probh^m  ti, 
I  J.    Assume  a  reciprocating  engine  to  consume  iwcniy  pounds  of  uteam  pi 

b.p.  hour  when  exhaustinz  at  atmospheric  pre^ure.  How  much  work  ci 
theoretically  be  obtained  from  an  exhaust  steam  turbine  rccelvins  ihi*  M 
U  a  quality  of  80  per  cent  and  expanding  to  a  37-S-inth  vacuum? 

1(1,  Find  the  theoretical  velocity  of  the  jet  in  an  impuluc  turbine  rcccivii|| 
Eteam  al  a  pressiire  of  loo  lbs.  per  s].  in.  with  a  superheat  lA  loo  dcgrrc*  ar 
expanding  to  atmospheric  pressure. 

17.   Find  the  theoretical  kinetic  energy  of  the  jet  per  pound  of  p 
<  diargcd  in  problem  16. 

CHAPTER  XSVI. 

1.  Plot  a  curve  showing  the  variation  of  the  ibeoivttcal  elfidency  of  ll 
Otto  cycle  due  to  changes  in  the  (omprrasion  ratio  |(volumc  of  piston  <fi 
placement  -f  clearaiure)  -i-  clearance  volumel  from  3  la  10  and  whn  y  "  '-f 

a.  Plot  a  similar  curve  tor  7  =  I.33-, 

J.  A  certain  internal  combustion  engine  operating  on  rutliiral  ga*  u 
01.  ft.  of  gas  per  b.h.p.  hour  at  rated  load.  'I'he  calari5i-  valur  of  ih 
1050  B.t.u.  per  eu.  ft.  (a)  How  many  B.i.u.  are  rn)uire<l  prr  b.h.p,  r 
at  nued  luad^  (bl  What  is  the  thermal  elfidmcy  at  rated  luad?  [i 
values  of  ihrrmal  trtficipni^-  would  you  r:ipcrt  at  half  and  i)uancr  linidl 
(^\-r  methud  iiK-d  in  arriving  ai  answer. 

4.  A  certain  producer-gas  plant  ileltvem  a  b.h.p.  per  hijitr  on  one  titnind  4L 
coal,  the  calorific  value  1^  (be  crul  being  13.300  B.t.u.  per  (inunil.  What  I 
the  thennal  effii'rieincy  <A  the  plant  ? 


CHAPTEB  XXVtL 

,   Tttc  prnnmolf  anol^-w  of  rral  as  recrivpfl  r 
,  J  pttmtt;  ftxrd  i.irlKiD.  fti  per  eent;  .mN.  H 
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tm  rfni.  (if  Wh«t  wi>W 
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containing  8  per  cent  ash?  (6)  What  would  be  the  proximate  analysis 
of  this  fuel  as  received  when  containing  8  per  cent  ash  and  I2  per  cent 
moisture? 

5.  Determine  the  probable  ultimate  analysis  of  an  anthracite  coal  giving 
the  following  proximate  analysis:  volatile,  4  per  cent;  fixed  carbon,  g6  per 
cent. 

6.  Determine  the  probable  ultimate  analysis  of  ^n  anthracite  coal  giving 
the  following  proximate  analysis:  volatile.  3.5  per  cent;  fixed  carbon,  90  per 
cent;  ash,  6.5  per  cent.     (On  basis  ot  dry  coal.) 

7.  Determine  the  probable  ultimate  analysis  of  a  bituminous  coal  giving 
the  following  proximate  analysis:   volatile,  25  per  cent;   fixed  carbon,  75  per 

.  cent. 

8.  Determine  the  probable  calorific  values  of  the  coal  of  problem  5  by  means 
of  Du long's  formulas. 

9.   Same  as  8,  but  for  the  coal  of  problem  6. 

10.  Same  as  8,  but  for  the  coal  of  problem  7. 

11.  Determine  the  probable  higher  calorific  value  of  a  petroleum  distillate 
with  a  specific  gravity  indicated  as  95  on  the  Baumc  scale. 

12.  Same  as  ii.  except  for  a  specific  gravity  of  85  Baum6. 

13.  Same  as  11,  except  for  a  specific  gravity  of  75  Baum6. 

14.  Plot  a  curve  showing  the  probable  variation  of  higher  calorific  values 
of  petroleum  products  with  s[xx:inc  gravities  varying  from  50  to  95  Baume. 

CHAPTER  XXVni. 

^  I.  What  weight  of  oxygen  will  be  required  to  burn  5  lbs.  of  carbon  to  car- 
bon dioxide?  What  weight  of  air  will  be  required?  How  much  nitrogen 
will  there  Ix^  in  this  air? 

2.  What  weight  of  oxygen  w\\\  be  required  to  bum  7i  lbs.  of  carbon  to 
carlx)n  monoxide?  What  weight  of  air  will  be  required?  WTiat  weight  of 
nitrogen  will  be  contained  in  this  air? 

3.  What  weight  of  carbon  dioxide  will  result  from  the  combustion  of  12 
lbs  of  carbon?  What  would  be  the  total  weight  of  the  products  of  combus- 
tion (all  material  present  after  combustion)  if  the  carbon  were  burned  with 
the  theoretical  air  supply? 

4.  Seven  i)ounds  of  carbon  are  burned  with  air  to  carbon  monoxide,  (a) 
What  weight  of  carl^on  monoxide  is  formed?  (6)  What  is  the  total  weight 
of  the  products  of  combustion? 

5.  Fifteen  {X)unds  of  carl)on  are  burned  in  ox>'gen  to  carbon  dioxide. 
((j)  What  weight  of  carbon  dioxide  results?  (6)  How  much  heat  is  liberated? 
(f )  How  much  heat  would  have  been  liberated  if  the  combustion  had  taken 
place  in  air  instead  of  in  oxygen? 

().  Seventeen  jxiunds  of  carlx>n  are  burned  to  carbon  dioxide  in  an  appa- 
ratus which  makes  it  |)ossib}e  to  complete  the  combustion  in  one  second,  and  an 
equal  (|uantity  is  burne<l  to  the  dioxide  in  an  apparatus  which  requinrs  one 
hour  to  complete  the  coml)ustion.  Is  there  any  difference  in  the  amount  of 
heat  lilHTciteil  in  the  two  casi's?     Why? 

7.  Thnv  jx)unds  of  car!>on  are  burned  in  air  to  carbon  dioxide,  (a)  What 
will  be  the  weight  of  the  prtxlucts  of  combustion  if  ti^ice  the  theoretical 
quantity  of  air  is  used?     [h)  What  will  l)e  the  quantity  of  heat  liberated? 

8.  I'our  ix>unds  of  carbon  are  burned  in  air  to  carbon  monoxide,  (a) 
What  will  Ik?  the  weight  of  the  products  of  combustion?  (6)  What  will  be 
the  tiu.mtiiy  of  heat  lil>erate<l? 

g.  A  quantity  «)f  carl>on  monoxide  containing  3  lbs,  of  carbon  is  bumed 
with  theoretiral  air  supply  to  carbon  dioxide,  la)  What  ¥k*ill  be  the  ^-eight 
of  rhi'  f>roducis?     i-^^  What  quantity  of  heat  will  be  liberated? 

10.  Ton  [Kjunds  of  carbon  monoxide  are  bumed  ^ith  1}  times  the  theo- 
retical air  supply,  ni^  Wliat  will  l>e  the  weight  of  the  products?  (6)  What 
quantity  of  heat  will  be  lilx^raietl? 
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It.  Twelve  pounds  of  carbon  are  bumed  first  to  carbon  monoxide  with  the 
[Theoretical  quantity  of  air  and  then  the  resultant  carbon  monoxide  is  burned 
\  times  the  theoretical  air.  (u)  What  weight  of  carbon  moaoxide  is 
Vfonncd  by  the  first  reaction?  (6)  What  is  the  total  weight  of  gas  after  the 
I'first  reaction?  (c)  What  quantity  of  heat  b  liberated  during  the  first  reac- 
I'tiun?  id)  What  weight  of  carbon  dioxide  is  formed  by  the  second  reaction? 
I  {,«}  What  IB  the  Iota]  weight  of  ^as  present  after  completion  of  second  rc- 
Kactiun  if  no  gas  is  lost  during  either  reaction  nor  between  reactions?  (/) 
I  What  rjuanttty  of  heat  is  liberated  during  the  second  combustion?  (;)  What 
lis  the  total  quantity  of  heat  liberated  as  lesult  of  both  reactions  and  how 
I  does  this  compare  with  what  would  have  been  obtained  had  the  iz  lbs.  of 
rcdrbon  tieon  burned  directly  to  carbon  dioxide?  Ik)  How  docs  the  weight 
Ibf  products  obtained  by  using  two  reactions  compare  with  the  weight  that 

■  would  have  been  obtained   by  burning  directly  to  the  dioxide  with  li  times 
f  theoretical  air? 

.    Eisbl  pounds  of  carbon  are  bumed  wiih  air  containing  sufficient  oxy- 

_.       to  bum  7  lbs,  of  carbon  to  carbon  dioxide,     (o)  What  are  the  weights 

liOf  the  various  products  of  combustion?     {b)  What  is  the  percentage  compo- 

I  cition  of  the  proijucts  of  combustion  on  a  volume  basis?     (c)  What  quantity 

if  heat  is  liberated? 

,  The  analysis  of  the  gases  obtained  by  burning  carbon  in  air  shows 
^;r  cent  by  volume  of  carbon  dioxide,     (a)  What  is  the  excess  coefficient? 

■  (£)  How  many  pounds  of  air  werf  used  per  pound  of  carbon  burned? 

■  14.   The  analysis  of  gases  obtained  by  burning  carbon  in  air  gives  79  per    ■ 
Vceot  nitrogen  and  7  per  cent  oxygen,      (a)  What  is  the  excess  cocfhcieni? 
\f,b)  What  weight  of  air  was  used  per  pound  of  carbon? 

15.  Five  pounds  of  carbon  are  burned  in  air  with  an  excess  of  50  per  cent. 
*e  combustion  taking  place  at  conslanl  pressure,  (a)  What  temperature 
E  will  result?  (b)  What  will  be  the  linal  lempetaiure  if  all  material  is  at 
etature  of  70°  F.  before  the  start  of  the  combustion? 

,   Sixteen  cubic  feel  of  carbon  monoxide  are  bumed  with  the  iheoTclical 
Riguantity  of  oxygen  wiihin  a  v-essel  of  constant  volume.     What  temperature 
^rauld  be  attained  theoretically  if  the  gases  had  an  initial  temperature  of 

17.  What  temperature  would  calculation  lead  one  to  expect  when  account 
lis  taken  of  the  variable  specific  heat  of  carbon  dioxide? 

18.  Three   pounds  of   hydrogen   are   burned  in  oxygen,     (a)  How  much 
rllMt  Is  liberated?     {b)  What  temperature  should  be  obtained  if  the  specific 

«  W«re  constant  and  theoretical  oxygen  were  used,  combustion  occurring 
bt  constant  pressure?     (t)  What  value  should  be  attained  with  25  per  cent 
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hnpor  resulting  from  the  combustion  of  3  lbs.  of  hydrogen  if  the  gases  leave 
pt  a  temperature  of  350°  F,  and  room  temperature  is  60   F.? 

■rminc  the  approximate  higher  and  lower  heat  values  by  Dulong's 
>r  a  fuel  of  the  following  composition  by  weight;   carbon.  70  per 

;  hydrogen,  25  percent;   oxygen,  I  per  cent:   sulphur,  3  per  cent. 

21.    Determine  the  weight  of  dry  fuel  gases  per  pound  of  carbon  burned 
in  which  the  gases  analyze;  carbon  dioxide.  14  per  cent:   carbon 
I  |jer  cent;    hydiDgcn.   :   per  cent;    sulphur  dioxide,   I   per  cent; 
DXygcn,  a  per  cent;  nitrogen,  So  per  cent. 

CHAPTER  XXX. 

During  the  test  of  a  certain  boiler  it  is  found  that  when  fired  with  coal 
pr!th  a  heat  value  of  14,000  B.t.u,  per  |M)tind  the  ash  contains  0.3  of  a  pound    1 
If  carbon  per  pound  of  coal  fired,     {o)  What  is  the  heut  value  of  the  aseend- 
~g  cambuslible  per  pound  of  carbon?     (fi)  What  is  the  grate  efficiency? 
.    ».    If  each  pound  of  coal  firetl  as  in  |ifob1em   1  causes  the  genera  ' 
%  lbs.  of  dry  and  saturated  steam  at  a  pressure  of  150  lbs.  abs.  fn 
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water  at  a  temperature  of  120**  F.,  what  is  the  value  of  the  boiler  efficiency 
according  to  the  A.S.M.E.  definition? 

3.   What  is  the  over-ail  efficiency  of  the  boiler  considered  in  problems  i 
and  2  above? 
^       4.    If  a  boiler  generates  9  lbs  of  steam  with  a  quality  of  97  i^er  cent  at  a 
pressure  of  125  lbs.  abs.  from  feed  at  a  temperature  of  70°  F.,  what  is  the 
equivalent  evapjoration? 

5.  A  certain  boiler  generates  steam  at  a  pressure  of  160  lbs.  abs..  and 
superheated  100  degrees  from  feed  at  a  temperature  of  200**  F.  What  is  the 
factor  of  evaporation? 

6.  How  many  F>ounds  of  water  at  a  temperature  of  70°  F.  should  be  con- 
■^  verted  into  dry  saturated  steam  at  J 25  lbs  gauge  per  hour  by  a  loo-h.p.  boiler 

when  operating  at  normal  load?  What  is  the  factor  of  evap)oration  for  this 
case?  How  many  pounds  of  material  would  leave  the  boiler  per  hour  if  it 
gave  steam  with  a  quality  of  97  p>er  cent? 

CHAPTER  XXXn. 

1.  (a)  Using  Fig.  326  and  Table  XXIV,  how  much  draft  through  the 
boiler  will  probably  be  required  to  burn  20  lbs.  of  anthracite  pea  coal  per 
square  foot  ot  grate  per  hour?  (6)  With  50  ft.  of  flue  and  two  90°  bends,  what 
will  be  the  draft  probably  required  at  the  base  of  the  stack?  (B.  and  W. 
Boiler.) 

2.  (a)  With  flue  temperature  550°  F.  and  air  at  60°.  what  would  be  the 
theoretical  height  of  stack  for  case  given  in  problem  i  ?  (6)  What  would  be 
the  actual  height?  (c)  What  would  be  its  diameter  in  inches  for  a  2000 
boiler  h.p.  plant? 

CHAPTER  XXXV. 

1.  Determine  the  quantity  of  heat  which  will  flow  per  hour  betwxH?n  two 
planes  i  ft.  apart  and  of  6  sq.  ins.  section  with  a  temperature  difference  of 
100**  F.,  the  material  being  commercial  copper  and  no  allowance  being  made 
for  variation  of  sjjecific  conductivity  with  temperature.  Determine  the 
"heat  resistance"  of  the  material  between  the  two  planes. 

2.  Determine  the  same  quantities  as  called  for  in  problem  i,  but  for  a 
case  in  which  soft  steel  is  the  conducting  material. 

3.  Determine  the  same  quantities  as  called  for  in  problem  i,  but  for  cases 
in  which  water  and  air  are  the  conducting  materials. 

4.  Tabulate  the  values  obtained  for  quantity  of  heat  transmitted  in  above 
cases  and  tabulate  \*alues  as  f)ercentage  by  calling  that  transmitted  by  copper 
100  per  cent. 

5.  Taking  values  from  Table  XXVI.  determine  the  specific  conductivity  of 
yellow  brass  at  a  temperature  of  200''  F. 

6.  Assuming  values  ^iven  in  the  text  as  correct,  determine  the  amount  of 
heat  lost  by  radiation  m  i  hour  from  the  black  surface  of  a  sphere  of  I  ft. 
radius  and  at  a  temperature  of  1000°  F.  Do  the  same  for  a  temperature  of 
2000**  F. 

7.  (a)  If  the  temperature  difference  at  end  a  of  the  heating  surface  is 
2000*  and  at  end  b  it  is  200°,  what  is  the  mean  temperature  difference  with 
flow?  {b)  If  A'  =  3.7,  how  many  square  feet  of  heating  surface  will  be  re- 
quired to  transmit  per  hour  33.463  B.t.u.  (—1  boiler  h.p.)? 

8.  .A  surface  condenser  receives  exhaust  steam  at  temperature  II5**F., 
the  initial  temperature  of  the  condensing  water  is  60°  F.  and  its  final  temper- 
ature 105°  F.  (a)  WTiat  is  the  mean  tenperature  difference?  (6)  With 
K  =  300,  what  weight  of  dry  steam  will  be  condensed  per  square  foot  of  sur- 
face per  hour?     {c)  What  is  the  efficiency  of  the  surface  (neglecting  losses)? 

9.  In  a  boiler  the  furnace  gases  are  cooled  from  2500**  F.  to  550**  F.  and  the 
temperature  of  the  steam  is  350°  F.  (a)  Neglecting  loeses,  what  is  the  mean 
temperature  difference?  (b)  If  3J  lbs.  of  steam  from  and  at  212*  b  evapo- 
rated per  square  foot  of  heating  surface,  what  is  the  value  of  K? 
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Wilk  parallel  flow  the  initial  and   final  temperature  differences  s   . 
and   203,     (a)  What  is  the   mean    temperature   difference?     (6)  With 
3  B.t.u.  how  much  heating  surlace  is  required  for  healing  30  lbs.  ol  water 
pta-  hour  (mm  do"  to  192°? 

n.    (a)  With  counter-current  flow,  with  a  temperature  difference  of  332°    1 

at  one  end  of  the  heating  surface  and  357°  at  the  other  end,  what  is  the  mean   J 

temperature  difference?     ifi)  With  K  =  2  B.t.u.  how  much  heatine  surface  I 

required  for  heating  30  Itis.  of  water  per  hour  from  60°  to  192°  F.f  I 

12.  In  a  feed  water  heater  90  lbs.  of  water  per  hour  are  heated  by  t  sq.  ft.      I 
of  heating  surface.  K  being  220.     (a)  If  the  initial  temperature  difference  flu 

Is  142°,  what  is  the  final  value  Bb.  neglecting  losEes?  (6)  What  is  the  effi- 
ciency? (f)  Compute  the  efficiencies  corresponding  to  different  extents  of 
■urfsce  and  plot  curve  showing  its  variations. 

13.  En  a  boiler  the  initial  temperature  difference  between  gas  and  water  is 
00'  F.     (a)  If  one  boiler  horse-power  hour  is  equivalent  to  33,4^9  B.t.u.  and 

193.7,  what  will  be  the  final  temperature  ditterence  (ncglecling  losses)  if 
._o  lbs.  of  Hue  ps  (with  Cg  =  0.24)  are  generated  per  boiler  h.p.  hour,  (b) 
What  is  the  efficiency?  (c)  Compute  the  efficiencies  corresponding  to  differ- 
ent extents  of  surface  and  plot  curves  showing  its  variation. 

-       In   an  economizer   with   parallel    flow.   K  =  3,    IV,  -  30,    Wk  -  too, 
0.J4,  S=  4,  Ta=  600,  U=  100.     Find  So,  Tb  and  lb. 
Same  data  as  problem  14,  but  for  counter  How.     (u)  Find  Oo.  9t.  7i 

CHAPTER  XXXVl. 

Determine  the  theoretical  percentage  of  saving  effected  by  supplying  feed 
'  at  a  temperature  of  120°  F.  instead  of  60°  F.  to  a  boiler  generating  dry 
nturated  sicam  at  a  pressure  of  150  lbs.  abs. 

Determine  the  theoretical  percentage  of  saving  effected  by  supplying 
feed  water  at  a  temperature  of  200' F.  instead  of  60°  F.  to  a  boiler  generating 
dry  aaiurated  steam  at  a  pressure  of  150  lbs.  abs.  What  is  the  percentage 
■aving  if  the  boiler  superheats  the  steam  100°?  What  is  the  actual  amount 
of  heat  "saved"  per  pound  of  steam  generated  in  each  case? 

3.  How  many  pounds  of  steam  per  pound  of  water  heated  will  be  required 
to  raise  the  temperature  of  feed  from  60°  F  to  190°  F.  in  an  open  heater  oper- 
ated at  atmospderic  pressure  if  the  steam  enters  the  heater  at  atmospheric 
preHure  and  with  100  per  cent  quality?  How  many  will  be  required  i(  the 
•team  has  a  quality  0(^90  per  cent?  What  weight  of  water  wdl  leave  the 
beKier  in  each  ease  for  every  [lound  of  water  entering? 

4.  What   is  the  maximum  possible  weight  of  sleam  exhausted   from  an 
Iginc  at  atmospheric  pressure  and  85  per  cent  Quality  which  could  be  uti- 

lUed  in  an  open  feed  heater  if  the  feed  water  is  to  have  its  temperature  raised 
50°  F.  lo  200°  F.  and  if  the  heater  has  an  efficiency  of  95  per  cent? 
_  An  economiier  with  counter  flow  receives  flue  gas  at  temperature  of 
6oo'i  and  water  at  60°.  Thirty  pounds  of  water  are  heated  per  hour  by  itw 
lbs.  of  gas  (Cj  =  0.24)  through  4  sq.  ft.  of  surface.  K  being  3.  (a)  Find  the 
increaac  in  the  leroperaturc  of  the  feed  water  and  (A)  the  decrease  in  the 
Utnpeiature  of  the  Hue  gas. 

CHAPTER  XXXVn. 

(a)  In  a  direct-contact  condenser  how  much  condensing  water  per  pound 
tun  will  Lie  required  if  the  vacuum  Is  26  ins,  ami  the  condensing  water  is 
liaed  from  60°  F.   to  within  10°  of  the  temperature  of  the  cjdiaust  atearr 
0.9)?     (/')  How  much  is  required  wilh  28-in.  "vacuum 'V 
(o)  Siime  as  i  except  for  surfiice  condenser,  the  lempcmture  of  the  con- 
bdng  reduced  to  10°  below  that  of  the  exhaust  steam.     (A)  What  ti 
mean  lemporatun-'  liiffer^ncc?     (r)  How  much  cooling  surface  is  i«qiiirr' 
pound  of  steam  condensed  per  hour  if  ^C  =  300? 


778  HEAT-POWER  ENGINEERING 

3.  If  400,000  lbs.  of  condensing  water  are  used  per  hour  in  a  jet  condenser, 
what  would  be  the  probable  plunger  displacement  in  cubic  feet  per  minute  of 
a  single-acting  wet  air  pump? 

4.  (a)  If  a  surface  condenser  used  with  a  turbine  condenses  10,000  lbs.  of 
steam  per  hour,  what  would  be  the  probable  plunger  displacement  of  a  wet- 
air  pump  in  cubic  feet  per  minute?  (6)  What,  for  a  dry-air  pump,  the  vacuum 
being  28  ins.  Hg.?  , 

CHAPTER  XL. 

I  to  6.   Same  as  problems  1-6  under  Chap.  XXII,  but  applied  to  nozzles. 

7.  (a)  Neglecting  losses,  find  the  discharge  velocities  per  pound  of  steam 
flowing  in  problems  i  to  4.  (b)  Find  the  area  of  the  nozzle  end  p>er  pound  of 
steam. 

8.  With  the  initial  conditions  given  in  problems  i  to  4  plot  curves  as  in 
^>ec.  33^* 

9.  (a)  If  Ef.  »=  0.9,  what  heat  remains  per  pound  of  steam  at  the  end  of 
^pansion  with  the  same  conditions  as  in  problems  i  to  4?  (b)  What  is  the 
final  quality?     (c)  What  is  the  final  entropy? 

10.  (a)  Compute  the  neck  areas  in  problem  8  by  Napier's  formula,  (b) 
Same,  by  Grashof's  formula. 

11.  (a)  With  uniform  flow  and  allowing  5  lbs.  drop  in  pressure,  what 
would  be  the  diameter  of  pipe  to  convey  in  I  minute  200  lbs.  of  dry  steam 
initially  at  150  lbs.  gauge  pressure,  the  length  of  pipe  being  200  ft.?  (b)  What 
would  be  the  velocity  of  flow? 

12.  (a)  If  a  steam  engine  with  cylinder  18  ins.  diameter  and  stroke  24  ins. 
operates  at  200  r.p.m.,  what  should  be  the  diameter  of  the  steam  pipe?  (b) 
What  should  be  the  diameter  of  the  exhaust  pipe? 

14.  (a)  What  weight  of  air  will  theoretically  flow  jjer  second  through  a 
nozzle  having  a  neck  area  of  i  sq.  in.,  if  the  initial  pressure  is  80  lbs.  F>er  sq. 
in.  abs.  and  temperature  is  60*^  F.  and  if  the  discharge  is  into  the  atmosphere? 
(b)  What  will  be  the  velocity  of  flow  at  the  neck? 

15.  (a)  With  initial  pressure  20  lbs.  per  sq.  in.  abs.  and  temperature  60**  F., 
what  will  be  the  theoretical  velocity  of  discharge  to  the  atmosphere?  (6) 
What  weight  will  flow  per  second  through  an  orifice  having  an  area  of  I  sq.  in.? 

16.  With  I  lb.  of  air  flowing  through  a  nozzle  per  second  with  initial  pres- 
sure (Pi)  80  lbs.  per  sq.  in.  abs.  and  temperature  60**  F.,  plot  curves  showing 
how  the  decrease  in  back  pressure  (Pz)  affects  (a)  the  velocity  of  flow,  (b)  the 
volume  of  the  air  and  (c)  the  area  of  the  nozzle,  the  abscissas  being  ratios 
Pi/Px. 

CHAPTER  XLI. 

1.  Determine  the  work  which  must  be  done  F>er  cycle  in  an  air  compressor 
cylinder  without  clearance  which  operates  under  the  following  ideal  condi- 
tions. At  the  end  of  the  suction  stroke  the  cylinder  contains  one-tenth  of  a 
f>ound  of  afr  at  a  temperature  of  60**  F.  and  a  pressure  of  14.7  lbs.  F>er  sq.  in. 
abs. 

2.  Determine  the  work  which,  must  be  done  per  cycle  in  an  air  compressor 
cylinder  with  clearance  equal  to  5  per  cent  of  the  piston  displacement  and 
which  operates  under  the  following  conditions.  It  draws  in  one-tenth  of  a 
f>ound  of  air  during  the  suction  stroke;  this  air  mixed  with  that  caught  in  the 
clearance  has  a  temperature  of  60°  F.  at  the  end  of  the  suction  stroke;  the 
pressure  during  the  suction  stroke  is  constant  and  equal  to  14.7  lbs.  per  sq.  in. 
abs.;  compression  and  exp>ansion  are  adiabatic;  and  air  is  discharged  at  a 
constant  pressure  of  50  lbs.  per  sq.  in.  abs. 

3.  Determine  the  caf>acity  of  such  a  compressor  in  terms  of  free  air  (60**  F. 
and  14.7  lbs.)  per  min.  if  it  operates  at  a  speed  of  180  r.p.m.  and  is  built 
double  acting. 

4.  Assume  three  compressor  cylinders  without  clearance  and  with  a  piston 
displacement  of  I  cu.  ft.,  one  cylinder  so  arranged  as  to  give  adiabatic  com- 
pression; one  arranged  to  give  isothermal  compression;  and  one  arranged  to 
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give  a  compressioo  curve  with  exponent  equal  to  1.25.  (a)  Determine  the 
work  done  during  one  compression  in  each  cylinder  and  the  final  temperature 
in  each  case  if  air  with  an  mitial  temperature  of  60^  F.  and  at  an  initial  pres- 
sure of  14.7  lbs.  per  sq.  in.  abs.  is  compressed  to  45  lbs.  per  sq.  in.  abs.  (b) 
Express  the  savii^  in  the  second  and  third  cases  as  a  percentage  of  the  com- 
pression work  in  die  case  of  the  adiabatic  process,  (c)  Determine  the  work 
per  cycle  in  each  case,  assuming  discharge  to  occur  at  the  constant  pressure  of 
45  Ib^.  (d)  Express  sa\'ing5  as  per  cent /as  in  (b),  (e)  Make  calculations 
called  for  in  (a),  (6).  (c)  and  {d)  but  with  a  discharge  pressure  of  100  lbs.  per 
sq.  in.  abs. 

5.  Compare  the  work  done  in  the  air  c>-luider  per  c>xle  in  the  following 
cases,  express  sax-ing  as  per  cent  of  work  in  least  favorable  case,  and  deter- 
mine discharge  temperature,  (a  *  .\n  air  compressor  c>'Hnder  mithout  clear- 
ance has  a  diameter  of  16  ins.  and  a  stroke  of  18  in&  The  air  at  the  end  of 
the  suction  stroke  has  a  temperature  of  60^  F..  and  a  pressure  of  14.7  lbs.  per 
sq.  in.  abs.  The  compression  is  adiabatic  and  discharge  occurs  at  a  constant 
pressure  of  100  lbs.  per  sq.  in.  abs.  <b)  The  same  cylinder  with  the  same 
initial  conditions  gi\*es  a  compression  line  with  exponent  equal  to  1.3.  (c) 
Two-stage  compression  is  used  with  an  intercooler.  The  lom'-pressure  c>'lin- 
der  has  the  same  size  as  before  and  operates  under  the  same  initial  conditions 
but  gives  a  compression  curve  with  exponent  equal  to  1.22  and  discharges  at 
such  a  pressure  that  cocking  at  constant  pressure  to  initial  temperature  will 
give  the  air  a  volume  equal  to  the  piston  displacement  of  the  high-pressure 
cylinder.  The  high-pressure  c>'linder  has  a  diameter  of  10  ins.  and  a  stroke 
of  18  ins.,  gives  a  compression  curve  with  exponent  equal  to  1.22  and  dis- 
charges at  a  constant  pressure  of  100  lbs.  per  sq.  in.  There  are  no  transfer 
losses  between  stages. 

6.  Assume  that  I  lb  of  air  with  initial  conditions  60°  F.'  and  14.7  lbs.  per 
sq.  in.  abs.  has  been  compressed  adiabatically  to  a  pres^ire  of  80  lbs.  per  sq. 
in.,  and  then  cooled  at  constant  pressure  to  initial  temperature  after  discharge 
from  the  compressor.  If  this  air  is  used  in  an  air  cmgine  mitbout  clearance, 
operating  on  a  c>xle  of  the  same  shape  as  the  P\'-diagram  of  the  Clausius 
cycle,  and  expanding  to  atmospheric  pressure,  determine  (a  >  the  work  made 
a\'ailable  in  the  engine,  (b  •  the  efficiency-  of  the  process  in  the  ideal  case.  tJt., 
work  made  a\-ailable  -r-  work  done  in  air  compressor  c>'linder.  'c.  The  final 
temperature  attained  in  the  engine  o'Hnder. 

7.  Assume  the  same  conditions  as  in  problem  6  abo\'e,  excepting  that  the 
air  before  entrance  to  the  en^ne  is  preheated  at  constant  pressure  to  a  tem- 
perature of  500^  F.  Determine  the  values  called  for  under  la,.  (6;  and  U,  *A 
that  problem. 
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USE  OF  COMMON  LOGARITHMS  FOR  SPECIAL  CASES. 

Case  I.    To  Determine  the  «th  Power  of  a  Number 

Less  than  Unity. 

Example:  Find  0.5^"  by  logs. 

In  general  logioF**  =  wIogioF;  and  in  this  case  F=  0.5  and 

w  =  I-55- 

From  the  tables     logw  0.5  =  9.6990  —  10, 

Then,     1.55 logio 0.5  =  1.55  (9.6990  -  10)  =  15033450  -  15.5 

Subtract  5.5  to  reduce  the  negative  part  of 

the  characteristic  to  10,  5.5  —    5.5 

Log.  of  answer  =    9-533450  —  10.0 
Corresponding  number  =    0.342  =  0.5^^. 

(Note  that  a  fraction  raised  to  a  power  greater  than  unity 
gives  a  result  less  than  the  original  fraction.) 

Case  II.    To  Determine  the  «th  Root  of  a  Fraction. 
Example:  Given  F**  =  0.75;  Find  V.    Evidently, — 

logioF=  logic  C\/o75)  =  logio\o.75^/  =  (logioO.75)  ^  1.5, 
which  is  in  the  general  form  of  logio  V  =  (logw  C)  ^  n, 
where  C  =  0.75  and  «  =  1.5. 

From  the  tables  logio 0.75  =  98751  —  10. 

Then         M^:^5)  =  (9.8751  -  10)  ^  ^  ^^ 

1.5  1.5 

Add  3.334  to  raise  the  negative  part 

of  the  characteristic  to  10,  3-3340  —    3.334 

Log.  of  F  =  9.9173  —  10.000 

The  corresponding  number  is  0.8266  which  is  V0.75. 
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TABLE  A.    {,Cimeluded).--COUUOH  LOGARITHMS  (Log,,). 
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Naperiao  log,  —  1.301  logig. 


APPENDIX  j8jj 

TABLE  B.  —  HYPERBOLIC  OR  NAPERIAN  LOGARITHMS.  (U.^,). 
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(i)  To  find  log,  of  a  number  greater  than  10  ffor  cxinnflK  it):  — 
Log,2i  =  log. (10 X  I.I)  =  log.  10  + log, 2. 1  -  2.30*5+0.7410-3-0445- 
(2}  Base  e  =  2.71818  and  log.o  —  2.302  X  logua- 
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APPENDIX 
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PROPERTIES  OP  ONE  POUND  OP 

SUPERHEATED  STEAM. 
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Sp.  V  =  specific  volume  in  cu.  ft.;  &.Q  •=  B.t.u.  total  heat  above  3»*P.i 
A^  =  total  entropy  above  31°  F. 
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I'LATE  IVA.    The  Ellexwoou  Chart. 


ELLENWOOD  CHART  (B) 

Reduced  from  sx  pages  of  the  Ellenwood 
Charts  publ  shed 
in  book  lorm  by 
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Heat  Conductloii  through  Cylindrical  Walls.  In  the  figure 
assume  the  temperature  inside  the  cylinder  to  be  (i  and  that  at 
the  outer  surface  to  be  ti  (lower),  the  drop  in  temperature  being 
fl-  Then  consider  that  there  is  a  temperature  drop  of  dt  through 
the  circular  element  of  thickness  dr  and  of  radius  equal  to  r. 

Then  if  a  is  the  specific  heat  of  conductivity  (from  page  625) 

V"         0^\\  or     AO  =  2to   P     /  '  ^dt 

V        ^K   \\\  ^  Jr.     Ji,    dr 

,^^'J    j  jj  =  2  '« ('>  -  ^5  'P&  7) 

1  /     '^IZ-^  '  where  5  is  the  thickness. 
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(The  numbers  refer  to  the  pages  wboe  the  symbol  is  first  used  in  a  new 

-4,  area;  i4,f -igj;  A,  502;  Apu,  107;  ABEf,  537;  a  (area);  az.,  328. 

j5  (Baume);  Bdy  BdK,  B/,  B/k,  364;  BCEf,  537;  B.P.,  562;  B.tu.,  i;  b-h-p.,  186. 
C,  257,  326;  C,i4;  Cp,35;  Cr,33;  C£/,  188,  536;  C£/c,  640;  CEfk,  640;  CF,22g; 

C.O.P.,  735;  c  (const.)- 
Z>,  III,  579;  DFj  325;  rf  (differential  coefficient);  rf,  130,  580;  d.h.p.,  186. 
Ej  582;  £/,  82;  £/c,  164,  592,  641;  Efkt  594,  641;  £/„,  372,  e  (base  for  Naperian 

logs.);  e.h.p.,  186. 
Fy  36,  575;  FE,  562;  FJE/,  536;  /,  575;  f.h.p,  186. 
G,  662;  G£/,  536;  g  (32.2  ft.  sec.). 

^,  338,  580;  H.P.J  234;  A,  257,  578;  h.p.,  180;  h-p.-hr.,  180. 
7,338;  I.P.y  234;  /£/,  189;  i.h.p.,  184. 
Jf  372. 

K,  335»  572,  639,  698;  Kp,  ss\  Kvy  34;  ^£,  372;  k  (const). 
L,  36,  184,  338,  575;  ^-Py  234;  L.H.V.,  488. 
If,  if,  502;  MEfj  189;  m,  495;  m.e.p.,  184. 
«,  51,  184,  257,  643,  644,  646. 
0£/,  190;  0£/d,  0£/t,  363. 

/*,  33;   ^«»  324;   /*<?,  698;   ^,  325;  pm,  184,   325;    ^m/^,  PmL:  pmR,  333;    ^if»  334- 

0,  8;  9,  105;  ?/,  q/'y  651. 

^,  32,  258,  315,  328,  372,  626;  REf,  188;  r,  49»  108,  258,  325;  r„,  r^,  fj-,  331. 

5,  572,  626. 

r,  30;  r.,  hi;  r„,  105;  rB£/,  537;  tdej,  190;  rz)£/A',  365;  TiEf,  190; 

T.U.E.,  561;  /,  30,  638;  ta  499;  ^c,  tdy  674;  //,  499,  653;  ^/,  653;  ^»  ^  672; 

ivy   105. 

U.E.,  561;  tt,  107,  133,  140,  371. 

K,  32,  286,  462;  V,  33,  133;   Kc,  680;  Ke,,  719;  V„  137;   Kw,  680;   K£/,  720; 

r,  286,  371. 
PT,  8,  14,  197,  258;  Wcy  239;  Wdy  i9i»  363;  ^<<A',  z(>yt  Wi,  191;  W"/,  W'/A',  363; 

Wj,  239;  If,  206,  372,  496,  653,  672;  w',  654;  Wc,  638;  w/,  205;  wf\  228; 

w*,  205;  tt'A,  638;  wh,  496;  w'iv,  49^- 
X,  481;  X,  1 10,  479;  */'  **i  220. 
y,  108,  476,  481. 
^,647;  z,  575; 
a,  277,  625;  /S,  627;  7,38. 
A  (finite  change);  A£,  11;  ^Ep,  AE»,  158;  A£«,  159;  A/,  AQ,  n;  AOz>,  AO«,/ii; 

AQxpy  110;  aQx.,  hi;  ^Ovpi  109;  ^'.  ";  ^^.  66;  ^4>o,  a^/,  119;  a^,,  120; 

A0M,  120;  A^r,  119;  ^^x,  120. 

$,  259,  626;   ^a,  0b,  639;  ^«,  572,  639. 

X,  108;  p,  108;  0,  65;  «,  258. 
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Absolute  temperature,  30. 

velocity,  371. 
Accumulator,  391. 
Adiabatic  changes,  of  gas,  50-53. 

of  sat.  vapor,  153-156. 
of     superiieated     vap., 

157-I59- 
in  nozzles,  701. 

in  steam  engine.  196. 
reversible,  70. 
Admissicm,  275,  287. 
After  biuning,  409. 

Air,  amt.  for  combustion,  actual,  503-505. 

of  C,  476-482. 
of  H,  486-487. 
deficiency  of,  499. 

excess  coefficient  of,  480,  481,  498,  504. 
properties  of,  477. 
Air  card  (int.  comb,  eng.),  406. 
Air  compressor,  clearance  (effect  of),  719. 
cooling,  724. 
definitions,  716. 
efficiency,  722. 
dementary,  716. 
intercooling,  726. 
multistage,  726. 
real,  720. 

v<rfumetric  eff .  of,  722-724. 
work,  717,  718,  720. 
Air  cylcs,  air  engines,  730. 

compressors,  716-723. 
Air  engines,  729. 
Air  pumps,  de&iition,  666. 
size  of,  679. 
tjrpes,  677-^8. 
Air  required  {see  Air,  amount). 
Air  supply  (see  Air.  amount). 
Air  vaJve,  auxifiary*,  425. 
Alcohol*  469. 

engiiie  pcribrmances,  45i' 
Ammonia  compresaor,  745. 
refr^erator,  744- 
Analyses  of  ooal,  457,  460-462,  509. 
natural  gas.  470. 
producer  gas.  602. 
Analysis  of  flue  gas,  493-5^2. 
of  coal,  460. 
praomate,  460. 


Angle  of  advance,  277. 
nozzle,  373. 
range,  301. 
Angularity  of  lod,  connecting,  372, 283-285. 

eccentric,  272,  284. 
Area  (su  Boiler,   Condenser,   Eoooomizer, 
Feed  Heater  and  Grate,  Suffaoe). 
chimney,  581,  583. 
indicator    diagram     (determination), 

184. 
meaning  on  PV-<iiagr.,  47,  49,  74-79- 
on  T^-diagr.,  74, 93, 13^140. 
negative,  46,  79. 
nozzles,  703,  705,  710. 
pipe,  7". 

piston,  184,  H.P.  and  L.P.,  328. 
piston  rod  allowance,  323. 
port  opening,  286. 
positive,  46,  78. 
Ash,  459.  464,  510. 
A.S.M.E.  Code,  209,  210,  535,  537. 
Associated  beat,  i,  9,  15. 
Atomizing,  fuel  oil,  530. 
Auxiliaries,  power  plant,  620,  653. 
Auxiliary  air  valve,  425. 

exhaust  ports.  439. 
ports  in  valves,  289. 
Available  hydrogen,  486. 

work  of  cycle.  79. 
Avogadro*s  law,  3S,  478. 

Back  pressure,  steam  eng.,  214,  354. 

turbines,  367,  394- 
Back  stroke,  271. 
Balance  plate,  290,  291. 

piston  (turbine),  389. 

ring.  292. 
Balanced  valve,  291. 
Barometric  tube  (condenser),  666. 
Bernoulli's  theorem  (Qtjm),  575. 
Bilgram  diagram,  280. 
'Blower,  716. 

producer.  614. 

turbo.  729- 
Bknring  engine,  716,  729. 
Bkm-^S  vaJvc,  545,  560. 
Boiler  ^t^e  Boiler  types;, 
accewbtlity,  54$' 
accesfonei,  560. 
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Boiler  capacity.  563. 

circulation,  542,  546. 
classification,  548. 
jcleaning,  545,  547. 
compounds,  687,  688. 
oounterflow,  541,  558. 
corrugated  flues,  550.  551. 
energy  stream  for,  534. 
efficiencies,  537,  538,  540. 
explosions,  544. 

feed  water,  547.     (See  Feed  water.) 
header,  554. 
heat  balance,  534. 
heat  transmission,  540. 
heating  surface,  538,  563,  564. 
horse  power,  562. 
losses,  534. 

mud  drum,  543,  554.  556. 
performance,  538,  561. 
plant,  692. 
power,  562. 
rating,  593. 
repairs,  546. 
safety  of,  545. 
selection,  545. 
setting.  549,  551. 
size,  563. 
space.  547,  555. 
steam  space,  547. 
suitabih'ty,  545. 
surface,  5J8-544. 

typss,  5 18-560.    (See  Boiler  t3rpes.) 
water  le:?s.  555. 
Boiler  types,  548-560. 

Babcock  and  Wilcox,  554. 

continental,  550. 

counterflow,  541,  558. 

double  end,  559,  693. 

exposed  tube,  549,  550. 

externally  fired,  548,  551. 

fire  tube,  548,  549. 

full  front,  553. 

half  front,  553. 

Heine,  555. 

horizontal,  548, 

horizantal  return  tubular,  552. 

internally  fire  1,  548,  549. 

locomotive,  550. 

Niclausse,  559. 

Parker,  558. 

porcupine,  559. 

return  tubular,  552,  553. 

Scotch  marine,  551. 

sectional,  548,  554. 

Stirling.  556. 

submerged  tube,  549,  550. 

tubular.  548,  549. 

tubulous,  548,  554. 

vertical,  st8,  549. 

water  tube,  548,  554. 


Boiler  types,  Wkkes,  55S. 
Boiling,  117. 
Boyle's  law,  29. 
Brake  horse  power,  186. 
Breeching  {see  Flues) . 
British  Thermal  Unit,  i,  6. 
B.t.u.  per  h.p.-hr.,  180,  191. 
B.t.u.  (see  Calori6c  value). 
Bucket  losses,  370. 

velocity,  360. 
Buckets,  turbine,  359. 
Burner,  oil,  529-532,  gas,  532. 

Calorific  value,  defined  492. 

Dulong's  formula  for,  462, 

463,  492. 
Mahler's  curve  for,  463. 
Calorific  value  of  alcohol,  469. 

carbon,  475. 
carbon  monoxide,  474. 
charcoal,  467. 
coal,  462-466. 
coke,  467. 
hydrogen,  486. 
hydrocarbons,  490-491. 
mixtures,  492. 
natural  gas,  471. 
oib,  468-469. 
producer  gas,  602. 
sulphur,  491. 
wood,  467. 
Calorimeters,  steam,  224-227. 

fuel,  492,  493. 
Cam  shaft,  406. 
Cams,  322,  440. 
Capacity,  boiler,  562. 
furnace,  513. 
hot  air  engine,  398. 
ice  making,  748. 
ice  melting,  748. 
Carbon,  combusticxi  of,  472-486. 
fixed,  456,  459- 
volatile,  462. 
Carbon  dioxide,  formation,  474,  594. 
and  furnace  eflf.,  505. 
refrigeration,  745. 
Carbon  monoxide,  formation,  474,  594. 

method  (of  producer  con- 
trol), 603. 
Carburetors,  423-425. 
Characteristic  curve  (governor),  264. 
Charcoal,  467. 
Charles'  law,  gas,  29-31. 

superheated  vapor,  150. 
Chart.  Mollier.  EUcnwood,  144,  145,  App. 

T4»,  137,  Appendix. 
Chemical  combination,  heat  from,  3-5. 

equilibrium  (prod.),  594. 
Chimneys,  area  of,  581,  583. 
draft  of,  579. 
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Chinm^ys,  height  of,  580,  581,  583. 
Kent's  fonnula  for»  582. 
Kingsl^'s  ezperimeats  on,  583. 
types  of,  584-585. 
Circulating  pump,  666. 

water  (condenser),  673,  673. 
Circulation,  boiler,  543,  546. 
convection,  629. 
Clapeyron's  equation,  133. 
Clayton's  analysis  of  expansion,  351. 
Clearance,  defijiition,  303. 

effect  on  compression,  203. 
effect  on  cyl.  condensation,  231. 
'  in  air  compressors,  719. 
in  internal  comb,  eng.,  404. 
measurement  of,  333,  351. 
radial  (turbine),  386. 
Clinkers  from  coal,  5x1. 
COi  recorders,  505. 
COi  {see  Carbon  dioxide). 
Coal,  analysis  of,  460-462,  509. 
anthracite,  457,  458,  465. 
"as  received,"  461. 
bituminous.  456-458,  465. 
briquets,  466,  514. 
caking,  465,  5",  598. 
calorific  value  of  {sec  Cal,  value). 
Cannel,  465. 
dasafication,  456. 
composition,  456,  459. 
Diederich's  formula  for,  462. 
"dry,"  459. 

Dukmg's  formula  for,  462. 
dust,  use  of,  466. 
fields  of  U.  S.,  458. 
firing  of,  519,  520. 
formation  of,  455. 
fuel  value  of,  462-466. 
geok)gy  of,  445. 
graphitic,  457. 
Mahler's  curve  for,  463. 
Marks'  curve  for,  461. 
mobture  in,  464. 
noncaking,  465. 

rate  of  combustion  of,  512,  513,  6oo« 
selection  of,  515-517. 
semianthracite,  457,  458. 
semibituminous,  457,  458,  465. 
sizes  of,  465,  466. 
soft,  456-458. 
sub-bituminous,  457. 
value  as  furnace  fuel,  508-515. 
CoeflScient  of  contraction  and  discharge,  715. 
of  excess  air,  480,  481,  498,  504, 

S05. 
of  governor  regulation.  257. 

ol   performance    (refrigeration), 

735.  739-741,  744.  747. 
Cofl,  induction,  434. 
intensifier,  434. 
trembler,  437. 


Coke,  466-467. 

Coking  arch,  524. 

Cokl  body,  80. 

Combmed  diagram,  multiple-ezp.,  349- 

Combustible,  459,  472. 

CombustioQ,  472-502. 

actual,  503-532. 

ur  for,  476-482,  503-505. 

caibon,  472-486. 

complete,  472,  506-508. 

data,  473- 

hydrocarbons,  490-491. 

hydrogen,  486-490. 

line  (int.  comb,  eng.),  41  x. 

mixtures,  491. 

oxygen  for,  476. 

rate  of,  508,  512-513,  600. 

recorders,  505. 

smokeless,  506-508. 

sulphur,  491. 

surface,  532. 

temperature  of,  482-485. 
Combustion  in  furnaces,  503-533. 

air  for,  503. 

complete,  472,  506-508. 

rate  of,  508,  512-S13. 

smokeless,  506-508. 
Commercial  considerations,  622. 

value  of  coal,  508-516. 

value  of  heating  surface,  539. 
Composimeter,  505. 
Composition  of  {see  Analyses  of). 
Compounds,  boiler,  687.  688. 
Compressed  air  {see  Air  compressor). 
Compression,  44.  203. 

adiabatic,  50. 

constant  pressure,  44. 

isothermal,  47. 

pressures  in  int.  comb,  eng., 
table  of,  419. 

quality  during,  314. 

steam  engine,  375,  386,  388, 

293-295- 
Compressors,  turbo,  729.    {See  Air  comp.) 
Condensate.  20. 
Condensation,  cylinder,  229. 
fraction.  229. 
initial.  212. 

reduction  of,  1 23,  230-243. 
Condenser,  advantages.  673. 
air  in,  665. 

barometric  tube,  666. 
electric  (ignition),  437. 
essentials,  675. 
piping,  667.  677-680. 
pressures,  665. 
pumps,  666,  677. 
steam,  620,  664-677. 
surface  of,  674. 
tail  pipe,  666. 
types,  664-667. 
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Condensing,  advisability  of,  664. 
gains  from,  235,  367. 
siirface,  675. 
water,  20,  672-674. 
water  recovery  in,  681. 
Conduction,  cy!.  losses  by,  214,  223. 

theory  of,  624. 
Conductivity  (heat),  625. 

specific  (Table),  628. 
total,  635. 
Conjugate  events,  275. 
Conservation  of  energy,  6. 
Constant  entropy  changes,  gas,  70. 

vapors,  I53-IS9- 
Constant  heat  curves  (steam),  142. 
Constant   pressure   changes    {see    Isobaric 

changes.) 
Constant  quality  curves  (steam),  140. 
Constant  temperature  changes  {see  Isother- 
mal changes). 
Constant  volume  changes  {see  Isovolumic 

changes.) 
Constant  volume  curves,  steam,  140. 
Constants  for  flue  gas,  479,  481. 
ideal  gas,  32. 
real  gases,  3^41* 
Consumption  {see  Performance). 
Contact  resistance,  634. 
Continuity  of  state,  121. 
Convection  (heat),  627.     {See  Boiler  circ.) 
Conventional  indicator  diagram: 
for  int.  comb,  engine,  406. 
for  steam  engine,  323-351- 
Cooling  of  condensing  water,  681-684. 
of  internal  comb,  eng.,  407. 
of  producers,  601. 
of  valves  (int.  comb,  eng.),  439. 
ponds,  681. 
towers,  681-684. 
Cost,  depredation,  622. 
fixed  charges,  623. 
operating,  623. 
St.  Eng.  vs.  Turbine,  393. 
Counterflow,  boiler,  541,  558. 
defined,  541. 

heat  transmission,  641,  647. 
Cracking  of  oil,  427- 

in  producers,  608. 
Crank  end,  271. 
Critical  conditions,  122. 
Critical  pr^sure,  gas,  122,  714. 

steam,  705. 
Critical  temperature,  gas,  122. 
Critical  velocity  gas,  714. 

steam,  705. 
Critical  volume,  gas,  122. 
Crosshead,  slotted.  272. 
Crude  oil,  467-469. 
Culm,  466. 
Cushioning,  286. 


Cushion  steam,  305. 
Cut-oflF,  275. 

changing  in  multi-ezp.   eng^  331, 

34<^342. 
early,  288,  293,  295. 
governing  int.  comb,  eng.,  429. 
steam  eng.,  256,  352. 
influence  on  cyl.  condensation,  333. 
in  marine  oigines,  338. 
in  simple  engines,  233. 
in  stationary  engines,  337 . 
limit  of  (Corliss),  312. 
range,  292. 
valve,  297,  300,  303. 
Cutting  out  of  nozzles  (turbine),  383. 
Cyde,  available  work  of,  79. 

Beau  de  Rochas,  94-98.'  ._.    '  ^ 
Brayton,  98-100.  A*  ^  ; , 
Camot,  gas,  78-79. 

reversed,  84,  740. 
steam  engine,  194. 
vapors,  x6i. 

ClaUSiuS,  167-173,  200-303. 

closed,  77. 
Diesel,  100. 
Ericsson,  93-94- 
four  stroke,  403-414. 
gas,  76-102. 
Joule,  98-100. 
losses,  x8x. 
open,  77. 
Otto,  94-98. 

four  stroke,  403-414. 
two  stroke,  414-417. 
rectangular,  177. 
regenerative,  gas,  90-93. 
steam,  199. 
Stirling,  9«>-93. 
two  stroke,  414-417. 
vapor,  161-179. 
Cylinder  arrangement,  420-421. 

condensation,  defined,  229. 

reduction,  230-243. 

cflSdency,  188,  208,  370. 

feed,  205,  indicated,  228. 

high  pressure,  234. 

lagging,  240. 

losses,  23,  181. 

low  pressure,  234. 

ratio,  334-340- 

surface  in  clearance,  231. 

Dalton's  law,  1 16. 

and  condensers,  665. 
Dash  pot,  311. 

Defidendes  of  air,  losses  from,  499. 
D^ree  of  regulation,  257. 
D^ree  of  superheat,  111. 

determination  of,  337. 
Delivered  power,  185. 
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Delivered  power,  measurement  of,  186. 
Density,  specific, 
air,  477- 
gases,  40. 

steam,  134,  Appendix. 
Deposits  (scale),  686. 
Depreciation,  622. 
Diagram  (see  also  Valve  diagram). 

adiabatic  changes  of  vapor  on,  157. 

entropy,  119,  Appendix. 

factor,  325-327,  351- 

of  cycle,  PV,  78- 

of    energy    stream    {see    Energy 

stream), 
of  gas  curves,  PV,  43.  T^,  73- 
of  gas  cycles,  89-102 . 
of  heat  flow  {see  Energy  steam), 
of  producer  plant,  35,  690. 
of  steam  plant,  18,  691. 
of  T0  changes  of  vapors,  X19. 
of  vapor  cycles,  162-179. 
of   vaporization    (heat   changes), 

112. 
steam,  327. 
water  rate,  227,  229. 
Diederich's  equation  (coal),  462. 
Diesel  cycle,  100-102. 

efficiency,  447. 
engine,  417,  427. 
Displacement  of  valve,  273. 
Distillate,  468. 

Double  deck  boiler  plant,  693. 
Draft,  amount  of,  578. 

apparatus,  574-589- 
artificial,  585. 
balanced,  587,  589,  615. 
chimney,  579- 
down,  522,  610. 
forced,  587,  588. 
friction  head,  575*  576. 
furnace,  517-518- 
induced,  587,  589. 
mechanical,  587. 
natural,  579. 

pressure  drop,  517,  574. 578, 581, 582. 
resistance,  574.  577- 
steam  jet,  587,  588. 
Dry  vacuum  pump,  677. 
Dulong's  formula,  462,  463,  492. 
Dutch  oven,  522. 
Dynamics,  of  flow  in  nozzle,  371. 
of  steam  turbine,  371. 

Ebullition,  118. 
Eccentric,  action  of,  274. 

defined,  272. 

for  int.  comb,  eng.,  440. 

relative,  304. 

rod  angularity,  272,  284. 
Econometer,  505. 


EcDQomizer,  boiler  dement,  559. 
fuel,  619,  660-663. 
producer,  606. 
surface,  662. 
Economy  {see  Performance). 
Effective  power,  z86. 
Efficiency,  air  compressor,  720. 

apparent  (boiler),  537. 
boiler,  535-538. 
boiler  and  grate,  538. 
Brayton,  100. 
Camot,  gas,  82. 

general,  187.  • 
int.  comb,  eng.,  445. 
steam  engine,  194. 
vapors,  164,  165. 
Clausius,  170,  172. 
cold  gas  (producer),  593. 
combustion  space  (boiler),  536. 
CQt  and  furnace,  505  • 
cyde,  188. 

cylinder,  188,  208,  355,  370. 
Diesel,  102,  447. 
Ericsson,  94. 
f^inukct,  523,  536. 
«»te,  523,  536. 
heat  transmission,  639-649. 
hot  air  engine,  400-402. 
indicated,  188,  208,  355,  370. 
internal  comb,  eng.,  445-447. 
mechanical,  189,  224,  4x3,  446. 
nozzle,  369,  708. 
Otto,  96,  410,  443-447. 
over-all,  190,  211. 
boiler,  538. 

internal  comb,  eng.,  447. 
steam  turbines,  363,  366, 
370. 
producer,  592-594- 
Ranlune,  176,  177. 
rectangular  PV,  178,  179. 
refrigeration   {see  Coef.  of   per- 
formance), 
regeneration,  gas,  92. 

steam,  199. 
relative,  x88,  445. 
shaft,  370. 

steam  engine,  355-358. 
Stiriing,  92. 
thermal,  190,  209,  210,  395,  443, 

446. 
thermodynamic  {see  C^mot). 
turbine,  365-370. 
volumetric,  411,  720-724. 
Electric  energy  (heat),  3;  ignition.  434-438. 
EUenwood  Chart,  145.  793.  794.  795- 
Endothermic  reaction,  472. 
Energy,  associated  heat,  i,  9.  15. 

change  of  intrinsic,  def.,  11. 

of  gases,  35. 
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Energy,  change  of  intrinsic,  of  steam,  156- 

158. 
of  vi^»rs,  108. 
electric  (heat),  3. 
intrinsic  total,  4. 
kinetic  (flow),  698-702,  708,  709. 
kinetic  (molecular),  10. 
latent  heat,  10-13. 
latent  mechanical,  107. 
potential,  during  vaporization,  13. 

(flow),  698,  699. 
radiant,  630. 
stream,  boiler,  534. 

economizer,  660. 
feed  water  heater,  656, 657. 
general  case,  187. 
internal  comb,  eng.,  445. 
producer,  604. 
producer  power  plant,  25. 
steam  power  plant,  18. 
turbines,  369. 
Engine  ecohomies  {see  Perfonnance). 
En^e  {see  Air   engine.   Blowing  engine. 
Hot  air  engine,   Internal  combustion 
engine,  and  Steam  engine). 
Engine  performance  {see  Performance). 
Engine  room,  694. 
Entropy,  absolute  quantity  of,  72. 
change,  68. 
constant,  70. 
of  ideal  gases,  67-72. 
of  liquid,  1x9. 
of  steam,  132. 
of  superheating,  1 19. 
of  superheated  vapor,  120. 
of  vaporization,  Z19. 
total,  of  steam,  137,  Appendix. 
Equalizing  pipe  (turbine),  389 
Equilibriimi,  chemical,  594. 
Equilateral  hyperbola,  54,  324. 
Equivalent,  evaporation,  561. 

molecular  weight,  495. 
Ericsson  cycle,  93-94. 

hot-air  engine,  397-401. 
Ether  vapor,  T^-diagram,  154. 
Evaporating  pan,  620,  649. 
Evaporation,  definition,  115. 
equivalent,  561 . 
factor  of,  562. 
rates  (boiler),  563. 
unit,  561. 
Events,  valve,  274,  275. 
Excess  air  (combustion),  478-481,  504,  505. 
coefficient,  480,  481,  498,  504. 
percentage,  497. 
Exhaust  lap,  273. 

lap  circle,  282. 

lap  line,  276. 

losses,  int.  comb,  eng.,  448. 

pipe  area,  711. 

ports,  auxiliaiy,  439. 


Exhaust  valves,  int.  oomb.  eng.,  459. 

valve  timing,  441. 
Exhaust  steam,  in  contact  with  walls,  232. 

turbine,  367,  390,  396. 
Exhauster,  induced  draft,  588. 

producer,  614. 
Exothermic  reaction,  472. 
Expansion,  adiabatic,  gas,  50-53. 

in  nozzles,  701. 
in  steam  engines,  196. 
vapors,  153-159. 
constant  pressure  {see  Expan- 
sion, isobaric). 
constant  temperature  {sec  Ex- 
pansion, isothermal), 
constant  volume  {see  Expansion, 

isovolumic). 
definition,  44. 
free,  63-64. 

general  curves  of,  54,  55. 
incomplete,  213,  732. 
in  steam  engines,  195,  196. 
isobaric,  of  gas,  44. 

vapors,  146. 
isothermal,  of  gas,  47. 

vapors,  146. 
isovolumic,  of  gas,  46. 

vapors,  159,  160. 
line  (real  int.  oomb.  eng.),  4x2 
piping  (of),  696. 
ratio,  48,  330-340. 
valve  (refrigerator),  743. 
EJEplosions,  boiler,  544. 

producer,  6x4. 
External  combustion  engine,  397-402.  - 
latent  heat,  10,  13,  107. 
work,  10,  13,  107. 
valve,  273. 
Extractor,  tar,  616. 

Factor  of  evaporation,  562. 

Fan  (draft),  588. 

Feed  water  heaters,  651-663. 

advantages,  651,  655. 

economizer.  660-663. 

heating  surface,  659. 

heat  saving,  651. 

horse  power,  659. 

saving,  651,  655. 

size,  659. 

surface  (extent),  659. 

temperature  increase,  653. 

types,  654-658. 

water  saved,  654. 
Feed  water  impurities  and  treatment,  685. 
Figure  of  inerit  {see  Coef .  of  performance). 
Financial  considerations,  622. 
Firing  of  coal,  hand,  5x9. 

stoker,  520. 
Fixst  Uw  of  thermodynamics,  6. 
Fixed  carbon,  456, 459. 
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Fixed  cbazses,  623. 
Flame  length,  507,  532. 
Flexible  shaft  (turbine),  376. 
Floor  space,  boiler,  547,  555. 

engine  vs.  turbine,  393. 
Flow,  Bernoulli's  theorem,  575. 

counter  (theory),  641,  647. 

gas  and  vapor,  69S-715. 

Grashof's  formula,  710. 

ideal  gas,  712. 

imperfect  gas,  7x5. 
Napier's  formula,  710. 

parallel,  640,  644. 

pipes  (in),  710. 

saturated  steam,  700. 

imidirectional  (engine),  343. 

velocity  of  gas,  713. 

of  steam,  703. 
Flue  gas  analysis,  477-482,  493-502. 

loss  (5ee  Stack  losses). 
Flues,  574- 

Fluid  friction  loss,  int.  comb,  eng.,  4x3. 
Fluttering  of  valve  (air),  721. 
Foaming,  685,  687. 
Foot  pound  (unit),  x8o. 
Forward  stroke,  271. 
Free  expansion,  63-64. 
Friction,  fluid  (in  int.  comb,  eng.),  413. 
head  (flue  gas),  575. 
horse  power,  186. 
losses,  181. 

mechanism,  int.  comb,  eng.,  413. 
steam  engine,  358* 
steam  turbine,  370. 
valve,  291. 
Fuels,  alcohol,  469. 

artificial  gas,  471. 

charcoal,  467. 

coal,  455-467- 

coke,  466-467. 

consumption  of  {see  Performance) 

culm,  466.. 

definition  of,  455. 

fuel  oil,  468. 

gasoline,  468. 

graphitic  coal,  457-458. 

industrial  wastes,  467. 

kerosene,  468. 

lignite,  456-458,  465. 

municipal  waste,  467. 

naphtha,  468. 

natural  gas,  470. 

oil,  467-469. 

peat,  456,  464. 

petroleum,  467-469. 

prepared,  455. 

producer  gas,  471,  590,  602. 

wood,  467. 
Fuel  calorimeter,  492. 
Fuel  oil,  468. 


Fuel  oil,  atomizing,  530. 

burning,  529-532. 
Fuel  values  {see  Calorific  values). 
Full  peripheral  discharge,  385. 
Furnace  efficiency,  505. 

capacity^  513. 

fittings,  531. 

grates,  520. 

length,  523. 

losses,  533. 

oil  burning,  539,  gas,  532. 

operation,  517-520. 

rate  of  combustion  in,  5x3. 

size  for  coal,  513. 
for  oil,  530. 

stokers  (automatic),  523-539. 

types,  521-523. 

volume,  507. 
Fusible  plugs,  560. 

Gain  from  decreasing  back  pressure: 
in  steam  engine,  235. 
in  steam  turbine,  367,  394. 
Gain  from  superheating: 
in  steam  engine,  236,  354. 
in  steam  turbine,  367,  394. 
Ganmia,  38. 

value  of,  41 . 
Gas  analyses  {see  Analysis). 

analyses  (flue),  477-483,  493-Soa. 
artificial,  471. 

constants,  ideal,  32;  real,  38-41. 
cycles,  76-102. 
defined.  28,  123. 
expansions,  43-58. 
from  oil,  617. 
furnace  (boiler),  532. 
ideal,  29. 
laws,  28-42. 
natural,  470. 
producer,  471,  590,  603. 
^)ecific  densities  of,  40. 
specific  heats  of,  33-38. 
specific  volumes  of,  41. 
Gas  engines  {see  External  combustion  en- 
gine, Internal  combustion  engine,  and 
Performance). 
Gas  producer,  apparatus  (general),  590. 

carbon    monoxide    method, 

603. 
cooling,  601-607. 
cleaning  apparatus,  6x5. 
efficiency,  592. 
fueb  for,  607. 
hydrocarbons,      effect      o^ 

607. 
limitations,  598. 
mechanical  chaiging,  6z5c 
oil,  617. 
size,  600. 
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<}as  producer,  temperature  control,  603. 
theory,  advanced,  594. 

simple,  590. 
types,  608-615. 

balanced  draft,  615. 
double  zone,  610. 
downdraft.  609-610. 
grate  bottom,  6x2. 
pressure,  613. 
suction,  614. 
updraft,  608. 
water  bottom,  6x2. 
Gaseous  state,  region  of,  123. 
Gasoline,  468.     (See  Performance.) 
Gauge  pressure,  182. 
Gay  Lussac's  law,  29. 
Gears,  turbine,  376. 

valve  (see  Valve  gear). 
Governing,  constant  speed,  255. 
cut-off,  256. 
internal     combustion     engine, 

427-431,441-442- 

isochronous,  260-261. 

methods,  255. 

quality,  429. 

quantity,  429. 

resistance,  255. 

stable,  263. 

steam  engines,  256. 

throttling,  256,  342,  352,  429. 

turbines,  376,  382,  389. 

unstable,  260. 
Governors,  255-270. 

adjustment  of,  264,  270. 

Armstrong,  269. 

centrifugal,  266. 

characteristics  of ,  264. 

conical,  257. 

flyball,  257-262. 

inertia,  267. 

isochronous,  260,  261. 

loaded,  257. 

pendulum,  257-262. 

Porter,  259. 

Rites,  267. 

shaft,  262-270. 

speed  limitations  of,  258. 

speed  variation  of,  256. 

Sweet,  266. 

theory,  flyball  type,  257. 
shaft  type,  262. 

Watt,  257. 

weighted,  259. 
Grain  alcohol,  469. 
Graphitic  coal,  457-458. 
Grashof's  formula,  710. 
Grates,  area  of,  518. 

boiler,  520-523. 
eflBcicncy  of,  536. 
producer,  612. 


Half  time  shaft,  406. 
Hammering  (of  engine),  287. 
Head  end,  271. 
Header  (boiler),  554. 
Heat,  assodat^,  i,  15,  19. 
balance,  boiler,  534. 

int.  comb,  engine,  447-449. 
steam  engine  (Him's),  219. 
changes  of  intrinsic,  de6nition,  11. 

gases,  35. 
steam,  156,  158. 
vapors,  X08. 
latent,  10,  X3,  106-108. 
sped&c  {see  Specific  heat), 
total,  steam,  130,  137. 
vapor,  108. 
Heat  changes  during: 
isobaric  changes  of  gases,  45. 

vapors,  147,  149. 
isothermal  changes  of  gases,  49. 

vapors,  152. 
isovolumic  changes  of  gases,  46. 

vapors,  159,  x6o. 
Heat  conduction  (theory),  624. 
Heat  conductivity,  625. 
Heat  consumption  (see  Performance). 
Heat  flow  diagram  {see  Energy  stream). 
Heat  from  chemical  combination,  3-5. 
electrical  energy,  3. 
mechanical  energy,  3. 
sun,  2. 
Heat  interchange  with  cylinder,  2x4-217. 
Heat  of,  combustion,  492. 
liquid,  105,  129. 

area  for,  138. 
meaning  of  term,  xo8. 
steam,  130. 

area  for,  139. 
superheat,  xxx,  X36,  X37. 
vapor,  total,  xo8. 
vaporization,  latent,  xo6,  xo8. 
Heat  resistance,  626. 
Heat  transmission,  actual,  632. 

boiler,  538,  540-544- 
cases  of,  639-^650. 
condenser,  675. 
conduction,  624. 
OAvection,  627. 
economizer,  662. 
feed  water  heater,  659. 
heating  surface,  636. 
radiation,  632. 
superheater,  572. 
{See  Rate.) 
Heat  unit,  i,  6,  561. 
Heat  utilization,  evaporating  pans,  620. 
heating.  621. 
industrial  processes,  630. 
Heat  value,  calorimeters,  492. 

higher,  462,  487-490,  49** 
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Heat  value,  lower,  462,  4^7-490,  493- 

Heat  value  {see  Calorific  value). 

Heater    {see  Feed  water   heaters,   Eoono- 

mizers). 
Heating  surface,  boiler,  538,  563. 

commercial  value  of,  539. 

economizer,  662. 

eflfective,  636. 

extent,  639. 

feed  heater,  659. 

mean    temperature,    637- 

639- 
superheater,  572. 

Heavy  oils  in  internal  comb,  eng.,  426-427. 
Height  of  chimney,  581-583. 
High  pressure  cylinder,  234. 
High  pressure,  effect  on  cylinder  condensa- 
tion, 241,  354. 
on  turbines,  394. 
Higher  heat  val\}e,  462,  487-490,  492. 
Him's  analyses,  219-223,  235. 
Horse  power,  boiler,  582. 

brake,  186. 

defined,  180. 

delivered,  186. 

eflfective,  186. 

friction,  186. 

heat  equivalent,  x8o,  191. 

heater,  659. 

indicated,  183,  184. 
Hot  air  engine,  397-402. 
Hot  body,  80. 

Hot  bulb  (head)  engine,  426. 
Hot  gas  eflSciency  (product),  594. 
Hot  well,  2o. 

Humidity,  efifect  on  stack  losses,  502. 
Hydraulic  inches,  575. 
Hydrocarbons,  490-491. 
Hydrogen,  available,  486. 

combustion  of,  486-490. 
higher  heat  value  of,  487. 
lower  heat  value  of,  487. 
Hyperbola,  equilateral,  54,  324. 

Ice  machine  {see  Refrigeration). 
Ice  making  capacity,  748. 
Ice  melting  capacity,  748. 
Ideal  gas,  29. 

mechanism,  7. 

vs.  real  engine,  i8o. 
Ignition,  internal  comb,  engine,  433-438. 
Impurities  (feed  water),  685. 
Incomplete  combustion  in  furnace,  472,  481, 

501. 
losses  in  gas  engine,  448. 
Incomplete  expansion,  213,  732. 
Incrustation,  686. 
Indicator,  181. 
Indicator  diagram,  area  of,  184. 

conventional,  323-3Si»  406. 


Indicator  diagram,  four-stroke  cycle,  406- 
4x2. 
meaning  of,  182. 
multiple-exp.  eng.,  349. 
scales,  182-X87. 
two-stroke  cycle,  415-417. 
Indicated  cylinder  efficiency,  188,  208.  446. 
cylinder  feed,  228. 
horse  power,  183,  184. 
steam  consumption,  227. 
work,  183,  413. 
Induction  coil,  434. 
Initial  condensation  (definition),  212. 
Injection  water  (condenser),  672,  673. 
Injectors,  712. 
Inlet  valve,  internal  comb,  engine,  439. 

timing,  441. 
Insulating  film  (gas),  635. 
Intensifier  coil,  434. 
Intercooling  (air  compressor),  726. 
Interest,  623. 

Interchange  heat  in  engine  cyl.,  214-2x7. 
Internal  combustion  engine: 

actual,  403-454. 

advantages  and  types  of,  403. 

after  burning,  409. 

air  card,  406. 

cam  shaft,  406. 

cams.  440. 

classification  of,  42X-423. 

clearance  ^>ace,  404. 

combustion  in,  412. 

combustion  line,  4x1. 

compression  pressures,  4x8. 

cooling,  407. 

cylinder  arrangements,  420. 

definition  of,  397. 

diagrams  (indicator),  406-4x2. 

Diesel,  417,  427,  447- 

double-acting,  420. 

eccentrics,  440. 

efficiency,  412,  443-454. 

four-stroke  cycle,  403-414. 

fuel  consumption  of  {see  Performance). 

fuels,  418. 

fuels,  modification  for,  418. 

governing,  427-431. 

guarantees,  450-454. 

heat  balance,  447. 

heavy  oil  in,  426,  427. 

hot  bulb  (head),  426. 

ignition  methods,  433-438. 

indicator  diagrams,  406-413. 

indicated  work,  4x3. 

Koerting,  416. 

losses  in,  410,  447-449. 

mechanical  efficiency  of,  4x3. 

mechanical  features  of,  420-442. 

oil  engine,  454. 

Otto  effidency,  4x3. 
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Internal  combustion  engine: 
Otto  type,  403. 

performance  {see  Performance), 
power  per  cylinder,  420. 
scavenging,  412. 
size  of,  420. 

single-  and  double-acting,  420. 
suction  line,  409. 
tandem,  422. 
turning  effort  of,  430. 
twin,  422. 

two-stroke  cycle,  403,  414-417. 
valve  gears,  438-442. 
vertical  vs.  horizontal,  421. 
working  substance  of,  403. 
Internal  latent  heat,  10-13.  108. 
Internal  valve,  273. 
Intrinsic  energy,  4,  11,  35-  , 

'change  of,  11. 
Intrinsic  heat  change,  11. 

gases,  35. 

steam,  145,  156-158. 
vapor^,  108. 
Irreversible  process,  59-64. 
Isentropic  changes  of  gases,  70. 

vapors,  153-159- 
Isentropics,  70. 

Isobaric  changes  of  gases,  44-45- 

steam,  142. 
vapors,  146-149. 
Isochronous  governing,  260-261. 
Isothermal  changes  of  gases,  44-49- 

vapors,  146-151. 
Isothermal  compression  (steam  engine),  196. 
Isothermal  expansion  (steam  engine),  196. 
Isovolumic  changes  of  gas,  44-47- 

steam,  140. 
vapors,  159-161. 

Jacket  losses,  447. 

Jackets,  air  compressor,  725. 

internal  combustion  engine,  407. 

steam  engine,  238-240. 
Joule's  experiment,  63. 
Junction  box  (boiler),  559. 

Kent's  formula  (chimney),  582. 
Kerosene,  468. 

Kingsley's  experiments  (chimneys),  583. 
Kinetic  energj'  of  flow,  general,  698,  700. 

steam,  702. 

Labyrinth  passage,  387. 
Lagged  cylinders,  240. 
Lap,  273,  280,  276,  282. 
Latent  heat,  106-108. 

energy,  10,  13. 

internal,  10,  13. 
Latent  heat  of  vaporization,  external,  107. 

internal,  108. 


Latent  heat  of  vaporizatioii,  total,  108. 
Latent  mechanical  energy,  107. 
Law,  Avogadro's,  38. 
Boyle's,  29. 
Charles',  gas,  29,  31. 

superheated  vapor,  150. 
conservation  of  energy,  6. 
Dalton's,  116. 
gases,  28-33. 
Gay  Lussac's,  29. 
Marriotte's,  29. 
partial  pressures,  117. 
Stefan's,  630. 
thermodynamics,  first,  6. 

second,  8. 
Willans',  352. 
Lead  (valve),  276. 
Leakage,  steam  engine,  214,  230. 

turbines,  369. 
Lignite,  456-458,  465. 
Limitations  of  simple  valve,  288. 

producers,  598. 
Line  of  transference,  329. 
Liquid  and  gaseous  states  (continuity  of), 

121. 
Liquid,  ebullition,  118. 
entropy,  119. 
heat  of,  105,  129. 
pressure  within,  117. 
region  of,  123. 
specific  volume  of,  113. 
Liquid  fuel,  burning,  529-532. 
Load,    distribution    of    (compound    eng.), 

338-341- 
effect  on  water  rate,  233. 
factor,  354. 

range  of  (high-speed  engine),  292. 
Logarithm,  tables,  Appendix, 
use  of,  Appendix. 
Logarithmic  cross-section  paper,  55. 
Loops  (combined  diagrams),  342,  4x3. 
Losses,  boiler,  534. 

bucket,  370. 

chimney  {see  Losses,  stadc). 

cycle,  181. 

cylinder,  23,  181,  214,  223. 

flue  gas.  498. 

friction,  181. 

furnace,  533-536. 

grate,  533-536. 

int.  comb,  eng.,  410,  413,  447-449. 

jacket  (int.  comb,  eng.),  447. 

mechanical,  181. 

nozzle,  369,  708. 

producer,  592-594.  604,  606. 

radiation,  447. 

stack,  498-502. 

steam  engine,  194. 

turbine,  369-370. 

unpreventable  (boiler),  5^4. 
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Low-pressure  cylinder,  234. 
Low-pressure  turbine,  390,  396. 
Lower  heat  value,  462,  487-492. 

MacFarlane-Gray's  formula,  315. 
Mahler's  curve  (coal),  463. 
Marine  propulsion  by  turbines,  391. 
Marks'  curve  (coal),  461. 
Marriotte's  law,  29. 

Maximum  thrust  (compound  engine),  332. 
Maximum  valve  opening,  286,  295. 
Mean  effective  pressure,  184. 

referred,  328. 
Mean  hydraulic  radius,  576. 
Mean  specific  heats  of  gas,  484-485. 

of  superheated  steam,  136. 
Mean  temperature  head,  heat  transmission. 

Cases  I-IV,  639-649. 
Mechanical  energy,  heat  from,  3. 

latent,  107. 
Method  of  ordinates  (area),  185. 
Mixture  of  elements  (combustion  of),  491- 

492. 
Moisture  in  coal,  459,  464,  509. 

loss  in  flue  gas,  502. 
MoUier  chart,  144,  Appendix. 
Motion,  perpetual,  1st  type,  7,  88. 

2d  type,  7,  9,  87,  88. 
3d  type,  7.  85,  88. 
Mud  drum.  543,  555,  556. 
Multipass,  boiler,  554. 

condenser,  673. 
Multiple  effect,  650. 
Multiple-expansion  engine,  234. 
changing  cut-off  in,  340-342. 
combined  diat^rams,  349. 
conventional  diagrams,  327. 
cylinder  ratios,  336-340. 
distribution  of  work,  338. 
expansion  ratios,  336-340. 
indicator  diagram,  340. 
PV-diagram,  348. 
Municipal  waste  (fuel),  467. 

n,  SI.  184,  257. 

n,  value  for  air  compressors,  721,  725. 
gas  adiabatics,  52. 
steam  adiabatics,  156. 
Napier's  formula  (flow),  710. 
Naphtha,  468. 
Natural  fuels.  455. 
gas.  470. 
oil,  467-469. 
Neck  of  nozzle,  704,  714. 

Grashof's  rule,  710. 
Napier's  rule,  710. 
Negative  work,  area,  46. 

definition,  79. 
Network,  79. 
Non caking  coal,  465, 


Nonconducting  materials,  240,  241. 
Normal  power,  353. 
Nozzle,  applications,  712. 

area,  703. 

gas,  712-715. 

Grashof's  formula,  7x0. 

loss,  369,  708. 

Napier's  formula,  710. 

neck,  704,  714. 

steam,  703,  709. 

Oil,  burning  of,  529-532. 
distillates,  467. 
feeding  systems,  250. 
kinds,  467. 
petroleum,  467. 
producer  gas  from,  617. 
Opening,  diagram,  278. 
early,  287. 
valve,  273. 
Operating  costs,  623. 
Overload  capacity  of  boiler,  563. 
Overload,  effect  on  water  rate,  233. 

valve,  366,  389,  394- 
Oxygen  for  combustion,  476-482. 

Parallel  flow,  640,  644. 
Parr's  classification,  458. 
Partial  pressures,  117. 

in  condensers,  665. 
Passes,  boiler,  554. 

condenser,  673. 
Peat,  456,  464- 
Performance,  boiler,  538,  561. 

coefficient   of,    735*736,    739. 

741,  744.  747. 
comparison  of  (true),  191,354. 
defined,  191. 
heat  basis,  191. 
ice   machines  {see  Refrigera- 
tion), 
int.  comb,  eng.,  449-454. 
refrigeration,    735-736,    739. 

741,  744.  747. 
steam  engine,  223,  352-358. 
steam  turbine,  393-396. 
Periods  of  valve  operation,  274. 
Perpetual  motion,  ist  type,  7,  88. 

2d  type,  7.  9.  87.  88. 
3d  type,  7,  8s,  88. 
Petroleum,  467-469. 

burning,  529. 
Pipes,  steam  flow  in,  710. 
Piping,  boiler,  697. 

condenser,  667,  677. 
cxr>ansion  of,  696. 
feed  water  heater,  659. 
power  plants,  694. 
steam,  694. 
Piston,  balance  (turbine),  389. 
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Piston  speed,  245,  246. 
Pitch  in  producer,  607. 
Planimeter,  184. 
Plant  {see  Power  plant). 
Pond,  cooling,  681. 
Port,  areas,  285. 

auxiliary,  in  valves,  289. 
auxiliary  exhaust,  439. 
openings,  285. 
Positive  work  area,  46. 

definition,  78. 
Potential  energy  (flow),  698,  699. 

of  vaporization  {see  Latent  heat). 
Potential  heat,  537. 
Power,  180. 

air  refrigeration,  739. 
boiler,  562. 
brake,  186. 
delivered,  186. 
effective,  186. 

external  comb,  eng.,  397,  399. 
friction,  186. 
horse,  180. 
indicated,  184. 

internal  comb,  eng.,  4x3,  4x4. 
normal,  353. 
per  cycle,  420. 
producer  gas,  24. 
rated,  353. 
Power  plant,  16,  24,  690-697. 
choice,  690. 

heat  flow  diagram,  x8,  25. 
internal  comb,  eng.,  25,  690. 
piping  {see  Piping), 
steam.  16,  690-697. 
Preheater,  compressed  air  engine,  732. 

producer,  606. 
Preignition,  412,  418. 
Prepared  fuels,  455. 
Pressure,  back,  steam  engine,  214. 
turbine,  367. 
compression,  int.  comb,  eng.,  4x8, 

419. 
constant  {see  Isobaric). 
critical,  gas,  714. 

steam,  705. 
drop  in  flue,  574.  578. 
effect  on  economy,  241,  354,  394. 
gauge,  182. 
heating  system,  621. 
mean  effective,  184. 
m.e.p.,  184. 
of  mixture,  117. 
referred  m.e.p.,  328. 
stages  (turbine),  381. 
usual  steam,  241. 
within  a  liquid,  117. 
Pressure-volume  diagram  (area),  47,  74,  79. 
Price  of  coal,  basis  of,  509. 
Prime  mover,  16. 


Process,  irreversible,  59-64. 

reversible,  59. 
Producer  gas,  590-618. 

analyses,  603. 
oil,  617. 
plant,  34. 
Producers  {see  Gas  producers). 
Progressive  distillation  of  vol.  matter,  535. 

oil,  468. 
Progressive  spedflc  heat  (steam),  130. 
Properties  of  air,  477. 

gases  {su  Gas  constants), 
steam,  126-145,  Appendix, 
sources,  137. 
Propulsion  by  turbine,  391. 
Proximate  analysis  of  ooal,  460-463. 
Pumps,  air,  667,  677-680. 
circulating,  666. 
dry  vacuum,  677. 
feed,  697. 
tail,  667,  669. 
vacuum,  666,  677-680. 
wet  vacuum,  678. 
PV-quantity,  345-347- 


q.  105. 

Q,8. 

Quadruple  expansion  engine,  334,  339. 

Quality,  no. 

curves,  139,  154,  206,  351. 

during  compression,  314. 

factor,  no. 
Quality  governing,  429. 
Quantity  governing,  429. 
Quintuple  expansion  engine,  234. 


r,  49.  131.  334- 

R,  32. 38, 40, 41. 334. 

Racing,  427. 

Radial  clearance  (turbine),  386. 
Radiant  energy,  630. 
Radiation  (heat),  629. 

losses,  in  int.  comb,  engine,  447. 
in  steam  engine,  214,  223. 
in  turbine,  370. 
misuse  of  term,  632. 
Range,  angle,  301. 

of  cut-off,  292. 
Rate  of  combustion  of  coal,  512-513. 
combustion  and  smoke,  508. 
consumption  of  working  substance, 

191. 
fuel  consumption,  191. 
See    Performance,    Heat    Transr 
mission. 
Rated  power,  353. 

boiler,  563. 
Rating  of  boiler,  563. 

refrigeration  macfa.,  748. 
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Ratio  of  expan^on,  48. 

in  multiple  exp.  eng.,  334, 340. 
in  simple  eng.,  234. 
Reaction,  endothermic,  472. 
ezothennic,  472. 
reversing,  476. 
Real  and  ideal  engines,  180. 
Receiver,  air,  732. 

infinite,  330. 
line,  329. 
reheating,  240. 
steam  engine,  240,  251. 
Receiver  pressure,  formula  for,  335. 

selection  of,  331. 
with  no  clearance,  332. 
Reciprocating  parts,  244. 

cushioning  of,  286. 
Rectangular  PV-diagram,  177-179. 
Referred  m.e.p.,  328. 
Refrigeration,  air  machine,  738. 

absorption  process,  746. 

ammonia,  746. 

coefficient    of    performance, 

735.  739.  741,  744»  747- 
materials  for,  744. 
mechanical,  734. 
rating,  748. 

thermodynamics  of,  734. 
vapor  compr.  machine,  741. 
vapors,  kinds,  744. 
Regenerator,  90. 

turbine,  391. 
Region  of  gaseous  and  liquid  state,  123. 
saturation,  114. 
superheat,  114-123. 
Regulation  coefficient,  257. 
Reheating  receiver,  240. 
Relative  eccentric,  304. 
velocity,  371. 
Release,  275. 

early,  288,  293,  295,  347. 
Resistance,  contact,  634. 

governing,  255. 
heat,  626. 
siu-face,  634. 
Resistance  to  flow  (flue  gas),  574. 
Reversed  Camot  cycle,  84. 

refrigeration,  740. 
Reversed  chemical  reaction,  476. 
Reversible  adiabatics,  70. 
isen tropics,  70. 
processes,  59. 
Reversibility,  59-64. 
Revolutions  per  minute,  246. 

effect  on  cyl.  cond.,  241. 
Rider  hot-air  engine,  398,  400. 
Ripper's  experiment  (sup.  steam),  237. 
Rites'  inertia  governor,  267. 
Rotary  air  pump,  678. 
engines,  248. 


Rotating  parts  of  st.  eng.,  244. 
Rotative  speed,  effect  on  cyl.  cond^  341. 

of  Corliss  engines,  246. 
Rotor,  359. 
Running  over  and  under,  250. 

Safety  cam,  3x3. 

valve,  560. 
Saturated     steam,     properties,      126-135, 

Appendix. 
Saturated  vapors,  109,  iii. 

defining  condition  of,  x  15. 
properties  of,  X03-1XO. 
Saturation  curve,  113. 

for  mult.  exp.  eng.,  351. 
steam,  X39,  206. 
Scale,  boiler,  686. 

of  indicator  diagram,  182-X83. 
Scavenging  engine,  4x2. 
Scotch  yoke,  272. 
Scrubber,  dry,  wet,  616. 
Second  law  of  thermodynamics,  8,  9. 
Sensible  heat,  11. 

change  of,  36. 
flue  gas,  50X. 
producer  gas,  593,  6ox. 
Sentinel  whistle,  560. 
Separator,  steam,  697. 
Shaft  for  high-speed  turbine,  376. 

half  time,  406. 
Shroud  ring,  376. 
Simple  engine  vs.  compound,  233. 
Single  effect  vacuum  pan,  649. 
Sleeve  motors,  438. 
Slide  valve  {see  Valves). 
Slotted  crosshead,  272. 
Smoke,  composition  of,  508. 

prevention  of,  506-508. 
Soft  coal,  456-458. 
Solar  heat,  2. 
Spark  plug,  436. 
Specific  density  of  gases,  38r-4i. 

steam,  134,  Appendix. 
Specific  heat,  14. 

conductivity,  625,  628. 
gases,  484-485. 
ideal  gas,  33-35- 
mean,  14. 
progressive,  130. 
steam,  130. 
superheat,  135-136. 
true,  15-34- 
variable,  15. 
Specific  volume  of  gases,  38-41. 

steam,  133,  Appendix, 
super,  steam,  137. 
vapors,  113. 
Speed,  piston,  245,  246,  286. 

rotative,  effect  on  cyl.  cond.,  241. 

of  low-speed  engines,  246. 
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Spontaneous  ignition,  418,  434. 

Steam  engine  types: 

Stack  {see  Chimney),  losses,  498-502. 

reciprocating,  248. 

Stagnant  &lm,  635. 

reversing,  254. 

State,  continuity  of,  12  x. 

right  hand,  249. 

Steam  data,  127. 

sdf  oiling,  250. 

properties  of,  126-145,  Appendix. 

side  crank,  249. 

saturated  (table).  Appendix. 

single  acting,  248. 

specific  heat  of,  130-136. 

steeple  compound,  251. 

superheated,  135-137.  Appendix. 

straight  flow,  242. 

Steam,  behavior  of,  in  cylinder,  208-229. 

tandem,  250. 

Steam  calorimeter,  224-227. 

triple  expansion,  234,  336,  338 

Steam  consumption  {see  Performance). 

unidirectional  flow,  242. 

Steam  distribution  chart,  344- 

Woolf,  328. 

Steam  engine  {see  Steam  engine  types) : 

Steam  heating,  621. 

action  of  steam  in,  208-229. 

Steam  injector,  712. 

Carnot  cycle  and,  194. 

Steam  jacketing,  238-240. 

classification  of,  245-254. 

Steam  jets,  587,  588. 

compared  with  turbine,  360. 

blowers  (producer),  6x3. 

comp.  and  exp.  lines,  195-196. 

Steam  nozzle  {see  Nozzle),  703. 

consumption,  197-202,  352-358- 

Steam  pipes  {see  Pipes),  711. 

cycles,  1 61-179,  194-207. 

piping,  694. 

cylinder  condensation,  230-243. 

Steiim  power  plants,  16,  690-697. 

diiagrams  (indicator),  323-351. 

Steam  properties  {see  Steam). 

efficiencies,  186-191. 

Steam  turbine,  359-396- 

data,  356-358. 

accumulator,  39  x. 

governors,  255-270. 

advantages,  392. 

jackets,  238-240. 

Allis-Chalmers,  389. 

losses,  194. 

applications,  390. 

parts,  244. 

back  pressure  (effect),  367. 

performance,  353-358. 

Bliss,  384. 

data,  354-358. 

Branca's,  359. 

determination,  223. 

classification. 

steam  consumption,  actual,  205,  352-358. 

clearance,  386. 

indicated,  227. 

Curtis,  375,  380. 

theoretical,  194-207. 

defined,  359. 

types,  245-254  {see  Steam  engine  types). 

De  Laval,  373. 

valves  and  gears,  271-322. 

dynamics,  371. 

water  rate,  actual  curves,  232. 

double  flow,  386. 

data,  354-358. 

efficiency,  363-365- 

defined,  224. 

Electra,  382. 

diagram,  229. 

energy  stream,  369. 

Steam  engine  types: 

exhaust  steam,  367,  390,  396. 

angle  compound,  252. 

flexible  shaft,  376. 

center  crank,  250. 

gears,  376. 

compound,  233,  234. 

governing,  368,  382,  389. 

Corliss,  247. 

heat  supplied,  364. 

cross  compound,  251. 

Hero's,  359- 

double  acting,  248. 

impulse,  359,  360. 

duplex  compound,  252. 

Kerr,  379- 

high  speed,  245,  292,  293,  308. 

labyrinth,  387. 

inclosed.  250. 

leakage,  367. 

lokomobile,  240. 

losses,  369-370. 

left  hand,  249. 

low  pressure,  367,  390,  396. 

low  speed,  246. 

marine  propulsion,  391. 

marine,  253,  338. 

multi-stage,  361,  379.  39©. 

medium  ^peed,  246. 

nozzle,  359-361. 

multiple  expansion,  335. 

losses,  369. 

oscillating,  249. 

theory,  697-715. 

quadruple  expansion,  234,  339. 

overload,  capacity,  366. 

quintuple  expansion,  234. 

valve,  366,  394. 

INDEX 


813 


Steam  turbine,  Pelton,  379. 

performance  of  {see  Performance). 

Parsons,  375,  387. 

inlot  valve,  382. 

pressure  stage,  381. 

Rateau,  374,  379.  394- 

reaction,  360,  384,  387. 

Riedler-Stumpf,  383. 

rotor,  359. 

shroud  ring,  376. 

single-stage,  379- 

small  vs.  large,  395. 

Sturtevant,  384. 

superheated  steam  with,  367. 

Terry,  383. 

tests,  395. 

thermodynamics  of,  362,  369. 

velocity  compounding,  380,  382. 

water  rate,  363,  365. 

water  seal,  379. 

Westinghouse-Parsons,  389. 

windage,  365. 

Zoelly,  374,  380. 
Stefan's  law  (radiation),  630. 
Stokers,  520,  523-529- 
Stoking  {see  Firing). 
Stratification,  furnace  gases,  507 
Stroke,  back,  271. 

forward,  271. 
Suction  line,  409. 

producer,  614. 
Sulphur,  combustion  of,  491. 

dioxide  refrigeration,  745. 

in  coal,  464,  511. 
Superheat,  degree  of,  iii. 

determination  of,  227. 
Superheated  steam  (see  Steam),  effect  on, 
cylinder  cond.,  236-238,  354. 
steam  turbine,  367,  394. 
Sup>erheated  vapor,  1 1 1 . 

Charles'  law  for,  150. 
properties  of,  1 1 1  - 1 1 5 . 
region,  123. 
Superheater,  127,  565-573- 

advantages,  236-238,  367,  565. 
arrangements,  567. 
protection  of,  571. 
surface,  572. 
types,  566. 
Surface,  boiler,  538,  563. 

combustion,  532. 

condenser,  675. 

economizer,  662. 

effect  of  clearance,  231. 

feed  water  heater,  659. 

resistance,  634. 

suF>erheater,  572. 

water  in  boiler,  546. 
t,  30. 
T,  30. 


T^-diagram,  chart.  Appendix. 

derived  from  PV,  217,  218. 
Table  1, 40;  II,  58;  III,  102;  IV,  241 ;  V,  325; 

VI,  325;  VII,  355;  vm,  358;  IX,  358; 

X,  395;  XI,  419;  XII,  443;  XIII,  457; 

XIV,  458;  XV,  460;  XVI,  465;  xvn, 
466;  xvin,  470;  XDC,  473;  XX,  477; 
XXI,  479;  XXII,  481;  xxin,  491; 

XXIV,  578;  XXV,  602;  XXVI,  628. 
Tables,  air,  properties  of ,  477. 

coal  classification,  old,  457. 

Parr's,  458. 
sizes,  465,  466. 
coal,  ultimate  analyses,  460. 
combustion  data,  473. 
compression  pressures,  419. 
conductivities,  628. 
diagram  factors,  325. 
draft  through  boilers,  578. 
effidendes,  steam  engine,  358. 

Otto  engine,  443. 
flue  gas  con-stants,  479,  481. 
formulas,  volume  changes  of  gases, 

58. 
gas  constants,  40. 
cydes,  102. 
expansions,  58. 
hydrocarbons,  491. 
logarithms.  Appendix, 
natural  gas,  470. 
Parr's  classification  (coal),  458. 
performance,  steam  eng.,  355,  358. 

turbines,  395. 
pressure  drops,  flue  gas  in  boiler,  578. 
producer  gas,  602. 
steam,  saturated.  Appendix. 

superheated.  Appendix.' 
steam  pressures,  usual,  241. 
symbols.  Appendix, 
volume  changes  (gas),  58. 
(i  +  log«  r)  -5-  r,  325. 
Tail  pipe,  666. 

pump,  669. 
Tar  extractor,  616. 

in  producer,  607. 
Temperature,  absolute,  30. 

control  (producer),  603-605. 
from  combustion,  482-485. 
head,  mean,  639-649. 
range  (comp.  eng.),  331. 
vaporization,  105. 
Temperature-entropy,  changes  of,  gases,  72. 

vapors,  118. 
chart,  138,  143,  Ap- 
pendix. 
Tests  (see  Performance). 
Thermal  equilibrium,  vapor  and  liquid,  109. 
Thermal  value  (see  Calorific  value). 
Thermodynamics,  defined,  zvi. 
Throttled  steam,  2x1,  212. 
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Thrust  bearing  (turbine),  389. 

maximum  (comp.  eng.),  332. 
Time  element  (cyl.  condensation),  231. 
Timer  (ignition),  436. 
Timing  opening,  441. 

valves,  434. 
Transmission  of  heat  {see  Heat  trans.) 
Traps,  697. 
Travel,  valve,  273. 
Trip  cut-off,  309. 
Triple  effect  (vacuum  pan.),  650. 
True  comparison  of  performance,  354. 
Try  cocks,  560. 
Tubes  (boiler)  exposed,  549. 

replacing,  547,  548. 

submerged,  549. 
Tumlirz's  equation,  137. 
Turbines  {see  Steam  Turbine). 
Turbo-compressors,  729. 
Turf,  456. 
Turning  effort,  int.  comb,  eng.,  420. 

uniformity  of,  332. 

u,  107,  133,  140- 
Ultimate  analysis  (coal),  460. 
Uncombined  hydrogen,  486. 
Underload,  effect  on  water  rate,  233. 
Unit  of  evaporation,  561. 

heat,  I,  6. 

work,  180. 
Uptakes  {see  Flues). 
Upton's  Curves  (sp.  ht.),  484,  485. 
U.  S.  coal  fields,  458. 

V,  286,  V,  32.  V,  35,  133,  286. 
Vacuum,  effect  on  steam  eng.,  235,  354. 

on  turbine,  3671  394- 
Valve  {see  Valve  types), 
action,  274. 
balancing,  291. 
defuiition,  272-273. 
diagrams,  274-288.    {See  Valve  gear 

diagrams.) 
events,  274. 
fluttering,  721. 
friction,  291. 

gears,  27 1-322.     {See  Valve  gears.) 
lead,  276. 
limitations,  288. 
opening,  273,  285-287,  295. 
steam  velocity  through,  286. 
travel,  273. 

types  {see  Valve  types). 
Valve  gears,  .Mian  link  gear,  316, 
Buckeye,  302. 
cam,  322. 
Corliss,  H.  S,,  293,  308. 

L.  S.,  307-314- 
crossed  rod,  315. 


Valve  gears,  diagrams  {see  Valve  gear  di- 
grams), 
double  eccentric  Corliss,  313. 
floating  lever,  322. 
Gooch,  316. 
high  speed,  292,  293. 
independent  cut-off,  297. 
int.  comb,  eng.,  438-442. 

Joy,  319- 
link,  314-317. 
low  speed,  307-314. 
Mclntosh-Seymour,  306. 
Marshall,  318. 
Meyer,  304. 
open  rod,  315. 
oscillating,  307. 
poppett,  321. 
Porter-AUen,  317. 
radial,  317-321. 
riding  cut-off,  297,  302-307. 
Russell,  304. 

angle  eccentric  Corliss,  309. 
Stephenson,  314. 
trip  cut-off,  309. 
Walschaert,  320. 
Valve  gear  diagrams,  Bilgram,  280,  299. 

elliptical,  277,  299. 

oval,  285. 

polar,  275- 

rectilinear,  275. 

Sweet,  278,  299. 

valve  openings,  278. 

Zeuner,  279,  285. 
Valve  t3rpcs,  Allen,  289. 

auxiliary  air,  425. 

auxiliary  ported,  289. 

balanced,  291. 

blow  off,  560. 

carburetting,  424. 

cooled  (gas),  439. 

Corliss,  308,  309. 

cut-off  (riding),  297,  302-307. 

double  ported,  289. 

D-valve,  271. 

exhaust,  439,  441. 

external,  273. 

gas,  431. 

gridiron,  306. 

inlet,  439,  441. 

automatic,  439. 
main,  297. 
marine,  289. 
mixing,  423,  431,  432. 
multiport,  289. 
mushroom,  438. 
oscillating.  307. 
overload,  turbine,  366. 
pilot,  382. 
piston,  288. 
poppet,  321,  322,  438. 
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Valve  types,  proportioning  (gas),  431. 
relief,  292. 

riding  cut-oflf,  297,  302-307. 
safety,  560. 
sleeve,  438. 
slide,  gas,  438. 
stop,  560. 
Sweet,  290. 
Trick,  289. 
trip  cut-off,  309. 
Woodbury,  291. 
Van  der  Waal's  equation,  123. 
Vapor,  cycles,  161-179. 
defined,  103,  123. 
dry,  109. 
ether,  154. 
expansion,  114. 
formation,  103. 
heat,  loS. 

properties,  111-115. 
region,  123. 
saturated,  109,  iii. 
superheated,  iii. 
table  (discussion),  113. 
wet,  109. 
Vaporization,  heat  of,  106-108. 
Vaporizer  (producer),  606. 
Velocity,  absolute,  371. 
bucket,  360. 
chimney  gases,  582. 
compounding,  380,  382. 
critical  (nozzle),  gas,  714. 

steam,  705. 
diagram  (turbine),  360. 
flow,  flue  gas,  576. 
gas,  713. 
steam,  702. 
jet,  360,  373. 
piston,  246,  286. 
relative,  371. 
steam  through  ports,  286. 
Volatile  matter  (coal),  456,  459,  506-510. 
Volume  changes,  gas,  53,  58. 

vapors,  146-160. 
Volumes,  gases  {see  Gas  constants). 

gas  (from  comb,  of  C),  477-482. 
steam,  saturated,  133,  Appendix, 
superheated,  137,  Appen- 
dix, 
water,  113. 

Water,  condensing,  20,  672-674. 
column,  560. 
cur\'e,  138. 
gauge.  560. 

injection  (air  comp.),  725. 
jacket,  405,  407,  725. 


Water,  legs,-  555. 

purification,  685-689. 
rate  {see  Water  rate), 
seal,  turbine,  379. 

producer,  612. 
specific  heat,  130. 
treatment,  685-689. 
volume,  ly. 
Water  rate,  224. 

steam  eng.,  198,  201,  355,  358. 
steam  turbine,  363,  391,  393- 

395. 
Water  rate  curves,  steam  engine,  232. 

turbine,  363,  365,  392. 
Weight,  air,  477. 

flue  gas,  495»  497-499»  5oi. 

gases  {see  Gas  constants). 

See  Air  for  combustion. 

See  Oxygen  for  combustion. 
Wet  vacuum  air  pump,  678. 
Wet  vapor  method  (producer),  605. 
Wetness  factor,  206. 
Whistle,  sentinel,  560. 
Willans'  law,  352. 
Windage,  365. 

loss,  370. 
Wiredrawing,  211. 
Wood  (fuel),  467. 

Work,  areas  (positive  and  neg.),  46. 
positive  and  negative,  78-79. 
Work  done  on  and  by  piston,  23. 

area  for,  47,  49,  74-79- 
Work,  equalization  (multi.  exp.  eng.),  332, 

335.  341.  342. 
Work  during  changes,  adiabatics,  gas,  51. 

vapor,  156. 
isobarics,  gas,  45. 

vapor,  149,  151. 
isothermals,  gas,  48. 

vapor,  151. 
isovolumics,  gas,  47. 
Work  of  cycles,  Brayton  (Joule),  99. 
Camot,  gas,  79-82. 

vapor,  162,  165. 
Clausius,  169,  172. 
Diesel,  loi. 
Ericsson,  93. 

Otto  (Beau  de  Rochas),  95. 
Rankine,  175,  176. 
rectangular  PV,  178, 179. 
Stirling,  92. 
Working  substance,  76,  397»  403. 

z,  1x0. 

Zero,  absolute,  30. 
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